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Abstract
Proper collection of charges at the electrodes is an important process in organic solar
cells. Interfacial layers between the electrodes and the photoactive layer have been design to
improve charge collection and ohmic contacts. The most studied interfacial layer between the
anode

and

the

photoactive

layer

is

ethylendioxythiophene):poly(styrenesulfonate)

the

negatively

(PEDOT:PSS),

charged
that

polymer

possesses

poly(3,4good

hole

transporting ability. However, inhomogeneities at the surface of the electrode after deposition of
the polymer lower the stability and performance of the OPV devices. Triphenylamine (TPA)
derivatives have received increased attention in the organic solar cells (OSCs) field because of
their favorable light harvesting properties and good hole transport mobilities, both crucial
parameters for obtaining high efficient solar cells. It is well known that after electrochemical
oxidation the generated TPA radical cation can undergo a polymerization reaction sequence after
consecutive oxidative scans. We have designed and synthesized diverse TPA derivatives to be
used as hole transporting materials in both OPVs and hybrid perovskite solar cells. Additionally,
self-assembled monolayers (SAMs) have been used as interfacial layers and they have improved
ohmic contacts and charge collection. Theoretically, if PEDOT:PSS is substituted with a neutral
self-assembled monolayer that can produce a charge-separated state upon exposure to light,
device efficiencies should increase with cell polarization. Therefore, donor-fullerene dyads,
containing mainly TPA and/or metal porphyrins, were designed and synthesized as potential
photo-switched polarizing layers for enhanced efficiencies of solar cell devices.
The synthesis and characterization of functionalized endohedral fullerenes was also
studied. Reactions such as asymmetric catalysis using the cation radical of the least reactive
endohedral fullerene, Sc3N@Ih-C80, suggests that it is possible to obtain adducts that would not
be possible to obtain by any other synthetic method. Application of these functionalized
endohedral fullerenes in solar cells is foreseen.
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Introduction
A growth demand for the discovery of renewable energy sources in order to fulfill the
energy demands worldwide has prompted researchers to develop new promising technologies.
Organic photovoltaics have been identified as a promising technology to replace currently used
and soon to be depleted non-renewable energy sources such as fossil fuels. In this section we will
briefly introduce and discuss the physical and electrochemical properties of empty and
endohedral fullerenes, their potential application in organic and hybrid solar cells as well as their
biological applications. Furthermore, the meticulous design, synthesis and characterization of
novel fullerene-based compounds is presented.

1.

FULLERENES
Empty Fullerenes
The serendipitous discovery of C60 in 1985 revolutionized the nanomaterials field and the

introduction of new allotropes of carbon made existing textbooks obsolete. Extensive review
articles and book chapters are dedicated to introducing and explaining the discovery, the physical
and electrochemical properties, as well as the reactivity and potential applications of empty
fullerenes.1-4 In this dissertation we are mainly interested in their electrochemical properties,
specially their electron accepting properties, which make them excellent performers in
photovoltaic applications.
It is well known that C60 can accept up to six electrons5 and its spherical shape allows
efficient charge carrier conduction three-dimensionally. Upon reduction they possess low
reorganization energies, an important property for their application in organic photovoltaics.
Their functionalization has expanded their potential application in several fields, from materials
science to biology and medicine.
In materials science, the functionalization of C60 and C70 with a phenyl butyric methyl
ester (PCBM) addend has resulted in the standard electron acceptor in organic photovoltaics. The
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most common use of this material is in bulk-heterojunction solar cells, as part of the active layer
in polymer-fullerene blends,6,7 and most recently as the electron extracting layer in perovskite
solar cells.8-10
Additionally, fullerenes have extensive applications in biology and medicine. For
example, empty fullerene derivatives have been shown to possess antioxidant, antibacterial, and
anti-HIV properties, amongst others.11 Even though their solubility in polar solvents is
challenging, their functionalization has made possible the preparation of water soluble
compounds that have been tested in biological systems.

Endohedral Fullerenes
The encapsulation of atoms, metal clusters and small molecules in fullerene cages has
captured the attention of carbon nanomaterials researchers because of the interesting properties
that arise as a function of the different encapsulated moieties. After the discovery of the first
trimetallic nitride endohedral metallofullerene in 1999, Sc3N@Ih-C80, many other endohedral
fullerene families have been synthesized, isolated and characterized. The preparation, isolation
and characterization of several endohedral fullerenes have been reported in detail in the
literature.12,13 As their empty cage counterparts, endohedral fullerenes exhibit interesting
electrochemical properties that make them potential candidates for organic photovoltaics.
However, during the arc synthesis of endohedral fullerenes, high amounts of other carbonaceous
materials such as empty fullerenes and carbon nanotubes are formed, which lowers the overall
yield of endohedral fullerenes.
The PCBM derivative of Lu3N@Ih-C80 was prepared and utilized in the photoactive layer
of a bulk-heterojunction solar cell. To date this is the only report of an endohedral fullerene
incorporated as an electron acceptor in an organic photovoltaic device.14,15 The low yields of
these materials are the main reason for the lack of additional examples of their incorporation in
organic photovoltaic devices.
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In medicine, endohedral fullerenes have been considered as potential candidates for Xray and magnetic resonance imaging (MRI) contrast agents. For example, Gd-containing
endohedral fullerenes have been tested as paramagnetic contrast agents for MRI because of their
high relaxitivities, which have been shown to be higher than for the commercially available
contrast agent Magnevist.16,17

2.

SOLAR CELLS
Organic solar cells
The photovoltaic effect observed in organic crystals in 1959 triggered the fabrication of

pn-junction devices in an effort to mimic silicon-based solar cells.18 It wasn’t until the
preparation of a bilayer solar cell that attained over 1% photoconversion efficiency (PCE)–with a
Co-phthalocyanine and perylenetetracarboxylic acid diimide as the p- and n-type materials–that
the potential of organic materials in solar cells was seen as potentially promising.19
Contrary to silicon-based solar cells (PCE >27%) where the absorption of photons
generates charge carriers directly, in organic solar cells light absorption leads to a bound
electron-hole excited state commonly known as an exciton.20 This excited state needs to migrate
to a p-type (electron donor material):n-type (electron acceptor material) interface for the
dissociation of the exciton into free charge carriers to occur. The newly formed free charge
carriers will migrate to the corresponding electrodes driven by the electric field produced by the
different work function of the electrodes.21
In the following chapter, three types of organic solar cells will be discussed: bilayer solar
cells (BL), dye-sensitized solar cells (DSSC) and bulk-heterojunction solar cells (BHJ).

Perovskite Solar Cells
Perovskites have emerged as new materials for highly efficient hybrid solar cells with
PCEs reaching over 20%. These materials have emerged as the most promising within the
3

photovoltaic field, going from efficiencies of 3.8% in 2009 to a certified 20.1% in 2014, making
this the fastest-advancing solar technology to date. They are used as light harvesting materials in
planar solar cell architectures commonly adsorbed on semiconductor TiO2 layers which makes
them fairly similar to dye-sensitized solar cells. The perovskite crystal structure has a formula
ABX3, where A and B correspond to cations of different sizes—A is often methylammonium and
B a lead ion—and X corresponds to a halide ion. The most commonly used type of perovskite
material in hybrid solar cells is methylammonium lead trihalide, with formula CH3NH3PbX3,
where X is I-, Br-, or Cl-. However, some important and worrisome issues need to be addressed,
such as the instability of the latter type of perovskite structures at high relative humidity which is
a limiting factor for the manufacturing and future commercialization of this type of devices. The
use of mixed-halide perovskite have shown to increase the stability of the device in humid
environments but improvements yet need to be made.22 Additionally, using lead as part of the
perovskite structures has been necessary to achieve high power conversion efficiencies but it is
well known that lead is a toxic heavy metal with a long-term threat to our health and
environment because of possible leakage of the materials over time. Therefore, it is necessary to
investigate new metals that can replace the Pd ion in the perovskite structures. Snaith et al.
reported a lead-free perovskite solar cell where the lead atom was replaced by a tin atom,
however power conversion efficiencies did not reach more than 6%.23 If the latter issues can be
resolved, their low production cost and high efficiencies make them attractive commercial
options for mass production in the future as efficient energy renewable sources. They could
potentially replace commercially available silicon-based solar cells in the near future and
potentially help in the replacement of non-renewable energy sources such as fossil fuels.
In the following chapter, we discuss the use of triphenylamine (TPA)-based materials as
hole transporting materials in planar perovskite solar cells.
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3.

AIMS OF DISSERTATION
The main purpose of this dissertation is the design and synthesis of novel triphenylamine-

, porphyrin- and fullerene-based compounds for potential applications in organic photovoltaics.
Additionally, we were interested in the reactivity of fullerenes (empty and endohedral fullerenes)
and their functionalization to study their electrochemical and physical properties, as well as to
expand their potential applications in other fields such as physics and biology.
In Chapter 1, the design and synthesis of several fullerene-based compounds for their
incorporation in organic solar cells is discussed. The electrochemical methods employed for the
polymerization of TPA derivatives are unique for the preparation of interfacial and active layers.
Furthermore, the design of photoswitched fullerene-based self-assembled monolayers as
interfacial layers for polarization of solar cell devices is the first example reported to date and
part of the results were published in ACS Applied Materials and Interfaces24 in 2014. The authors
currently hold a patent for the invention (US US20130074920A1). The study of supramolecular
and bulky dyes in DSSCs demonstrated that aggregation processes could be inhibited and
therefore increase the overall performance of these devices: some of the results were published in
the European Journal of Organic Chemistry in 2015.25 Finally, the in-situ electrochemical
polymerization and deposition of TPA-Zn(II)-porphyrin compounds on ITO electrodes as hole
transporting materials for Perovskite solar cells is a unique and distinctive approach of our
group, which resulted in charge mobilities that are comparable to commonly used hole
transporting materials.
In Chapter 2, a new chromatographic method for the purification of mixtures of empty
and endohedral fullerenes was developed. Gd-containing endohedral fullerenes were
functionalized to be attached to a scanning probe microscopy tip to probe nitrogen vacancy
centers in diamond. Additionally, the functionalization of mixed-metallic endohedral fullerenes
was performed in an effort to understand how the incarcerated cluster affects the exohedral
functionalization of these types of endohedral fullerenes. Moreover, the reactivity of the most
abundant endohedral fullerene, Sc3N@Ih-C80, was fine-tuned using electrochemical and chemical
5

methods and newly functionalized compounds were synthesized, which are otherwise not
accessible using conventional synthetic methods.
In Chapter 3 we focused on the electrochemical properties of donor-acceptor dyads and
triads. Platinum bridge (cis- and trans-) TPA-C60 dyads were studied and it was demonstrated
that electronic coupling is observed in the ground state and that the platinum bridge increases the
donating ability of the TPA moiety. The latter results were published in Chemistry –A European
Journal in 2014.26 Additionally, the electrochemical studies of C60 and Sc3N@Ih-C80 TPA-Zn(II)phthalocyanine triads is discussed. Lastly, electrochemical studies of photochromic materials are
discussed.
Finally, in Chapter 4 we discussed the design, synthesis, isolation and characterization of
a new type of functionalized fullerene derivative with dual functionality. A [1,3]thiazine
biologically active moiety was attached to C60 and C70 and they were shown to efficiently inhibit
HIV infectivity. The compounds prepared in this chapter have not been reported before
therefore, they constitute the first example of such fullerene derivatives.
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Chapter 1: Photovoltaic Devices
Organic photovoltaic (OPV) devices, although exhibiting lower photoconversion
efficiencies (>14%) compared to their inorganic counterparts (>30%), still have numerous
advantages. For example, they can often be prepared from inexpensive materials and studies
have shown that their manufacturing cost would be considerably lower than that of current
commercial silicon solar cells.27 Additionally, they possess attractive physicomechanical
properties such as flexibility, light weight and semi-transparency which expand their application
beyond those of their inorganic counterparts.28
Organic solar cells can be prepared from a variety of organic materials that can be
conveniently functionalized to fine tune their HOMO-LUMO (highest occupied molecular
orbital-lowest unoccupied molecular orbital) energy levels, which are crucial parameters for
efficient exciton generation and dissociation. The latter is directly related to both the open circuit
voltage (Voc) and short-circuit current (Jsc) which are the maximum voltage and current for a
given device, and they are directly proportional to the overall efficiency (η) of the device, see
Equation 1. The fill factor (FF) is related to the charge carrier’s mobility lifetime, as well as the
thickness and morphology of the active layer, which is influenced by the functionalization of the
materials utilized for a specific device.29 Additionally, the incident power (Pin) is inversely
proportional to the η. Thus, the overall efficiency of a given device is influenced by several
parameters, which presents many challenges for researchers because the improvement of one
parameter can sometimes lead to the detriment of another. Therefore, selecting the correct
materials is crucial for an efficient device.
𝜂 =   

!!" !!" !!
!!"

Equation 1

In this chapter four types of photovoltaic devices are discussed: (1) bilayer (BL) solar
cells; (2) dye-sensitized solar cells (DSSCs); (3) bulk-heterojunction (BHJ) solar cells; and (4)
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organic-inorganic perovskite solar cells (PSC) (see Figure 1.1). The design, syntheses and
characterization of the organic materials incorporated in each device and their device preparation
is described along with their performance.

(a)

(c)

Cathode
HB/ET

(b)

Cathode

Acceptor

Liquid
Electrolyte

Donor

Light
Absorber

EB/HT
TCO

Semiconductor
TCO

Cathode
HB/ET
Donor!
Acceptor!

(d)

Cathode
ETM

Perovskite
Layer

EB/HT
TCO

HTM
TCO

Figure 1.1: Types of photovoltaic devices: (a) bilayer solar cells; (b) dye-sensitized solar
cells; (c) bulk-heterojunction solar cells and (d) planar hybrid perovskite solar cells. (TCO:
transparent conductive oxide; EB/HT: electron blocking/hole transporting; HB/ET: hole
blocking/electron transporting; HTM: hole transporting material; ETM: electron transporting
material)
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1.1

BILAYER SOLAR CELLS
Bilayer solar cells are often underestimated because of their relatively lower

photoconversion efficiencies. The lower observed performances result from the relatively small
electron donor/electron acceptor interfacial area, where fewer excitons can be dissociated as
compared

to

well-behaved

bulk-heterojunction

solar

cells

(Figure

1.2).

However,

photoconversion efficiencies for hybrid bilayer solar cells have reached a record of 7% power
conversion efficiency.30 The main advantage of bilayer cells is that they avoid the need to control
the size and morphology in the heterogeneous phases in BHJ cells since the interfacial contacts
are mechanically and macroscopically controlled and do not rely on spontaneous microheterogeneous domain separations as in BHJs. Therefore, we envisioned the construction of
bilayer cells based on electrooxidatively polymerized triphenylamine derivatives as the electron
donor layer. Triphenylamine terminated self-assembled monolayers were prepared as the
polymerization promoters on ITO or alternatively the electropolymerization was done on top of
spin-coated PEDOT:PSS/ITO. Additionally, the self-assembled monolayers can also act as
interfacial layers.
(a)

Cathode
HB/ET

(b)

Acceptor

Cathode
HB/ET
Donor!
Acceptor!

Donor
EB/HT
TCO

EB/HT
TCO
Donor/Acceptor
Interface

Figure 1.2: Donor-acceptor interface comparison between (a) bilayer solar cells and (b) bulkheterojunction solar cells; interfaces are represented as black dots. (TCO: transparent conductive
oxide; EB/HT: electron blocking/hole transporting; HB/ET: hole blocking/electron transporting)

1.1.1

Photoactive Layers
Triphenylamines are widely used in OPV devices as electron donors because of their

efficient light harvesting properties and good hole transport ability, both crucial parameters for
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high efficient solar cells.31-33 A crucial advantage of TPAs is that they can be easily
functionalized to fine-tune not only their light harvesting properties but also their hole mobilities.
Furthermore, it is well known that after electrochemical oxidation the generated radical cation
can easily polymerize upon consecutive oxidative scans using cyclic voltammetry.34-37
R

N

N

Consecutive
CV scans

-e
R

N

N

R

N

R
R

Figure 1.3:

n

Electrooxidative polymerization reaction sequence after electrochemical oxidation
of triphenylamines.

The dimension of a bilayer solar cell is different from that of bulk-heterojunction and
perovskite solar cells. The thickness of the donor and acceptor layers is of crucial importance for
efficient charge collection at the corresponding electrodes. The average exciton diffusion length
(LD) is approximately 10 nm.6,38,39 Therefore, the donor and acceptor layers should be thinner (~
20 nm) because after light absorption and exciton formation in the donor layer, the exciton needs
to diffuse to the donor-acceptor interface for the charge separation to occur. If the exciton needs
to diffuse through long distances it is highly probable for it to be thermally deactivated, a process
that decreases the overall efficiency of the device.

Design and synthesis of triphenylamine-based compounds. Strategic molecular design
of fullerene-based dyads was performed based on the desire properties in the photovoltaic
device.
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Figure 1.4: Synthetic route for the preparation of 4. (i: DIBAL-H, CH2Cl2, 0 oC; ii: PCC,
CH2Cl2, rt; iii: (1) TFA, CHCl3, rt, 24h/DDQ, CHCl3, rt, 18 h, (2) Zn(OAc)2·2H2O,
MeOH:CHCl3, rt, 5 h; iv: HSi(OEt)3, Karstedt catalyst, Toluene, 0 oC)

Synthesis of (4-vinylphenyl)methanol (1). To a flame-dried 250 mL two-neck round
bottom flask were transferred 60 mL of anhydrous toluene via cannula followed by methyl 4vinylbenzoate (1.0 g, 6.75 mmol) dissolved in toluene. The solution was cooled down to -78 oC
using a liquid N2 and acetone sludge. DIBAL-H (2.41 mL, 13.5 mmol) was then added dropwise
during one hour and the reaction was stirred overnight and allowed to reach room temperature.
The reaction was stopped by adding 1N HCl aqueous solution and was stirred for approximately
10 minutes or until the aluminum salts precipitated. The resulting suspension was filtered
through Celite® and the filtrate was washed with brine (3 x 50 mL). The organic phase was dried
over Na2SO4 and the solvent removed under reduced pressure. The resulting oil was
chromatographed using silica gel and CH2Cl2:MeOH (5%) affording the desired product as a
clear oil (0.763 g, 84%). 1H NMR (600 MHz, CDCl3, 298K): δ (ppm) = 7.38 (d, J = 8.1 Hz, 2H),
7.27 (d, J = 8.1 Hz, 2H), 6.72 (dd, J = 17.6, 10.9 Hz, 1H), 5.76 (d, J = 17.7 Hz, 1H), 5.26 (d, J =
10.8 Hz, 1H), 4.59 (s, 2H), 2.73 (bs, 1H).

Synthesis of 4-vinylbenzaldehyde (2). To a 100 mL one-neck round bottom flask was
added compound 1 (0.757 g, 5.64 mmol) dissolved in CH2Cl2 followed by 50 mL of CH2Cl2.
Then, PCC (1.45 g, 6.77 mmol) was added and the reaction was stirred overnight. The solvent
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was evaporated to half of the volume and ethyl ether was added to precipitate the chromium
salts. After filtration, the filtrate was chromatographed using silica gel and CH2Cl2 as eluent to
afford the desired product as a pale yellow oil (0.694 g, 93%). 1H NMR (600 MHz, CDCl3,
298K): δ (ppm) = 9.95 (s, 1H), 7.80 (d, J = 8.1 Hz, 2H), 7.51 (d, J = 8.0 Hz, 2H), 6.73 (dd, J =
17.6, 10.9 Hz, 1H), 5.88 (d, J = 17.5 Hz, 1H), 5.41 (d, J = 10.9 Hz, 1H).

Synthesis of 5-(diphenylamino)phenyl,15-vinylphenyl-zinc(II)-porphyrin (3). To a 1000
mL three-neck round bottom flask were added dipyrromethane (0.50 g, 3.42 mmol), N,N’diphenylamino(benzaldehyde) (0.467 g, 1.71 mmol), compound 2 (0.226 g, 1.71 mmol) followed
by 700 mL of anhydrous CHCl3. The resulting mixture was degassed with nitrogen for 30
minutes. After this time, TFA (0.34 mL, 3.42 mmol) was added dropwise and the flask was
shielded from light and the reaction was stirred for 24 h. Then, DDQ (0.777 g, 3.42 mmol) was
added and the reaction was stirred for an additional 18 h. The reaction was then neutralized with
triethylamine and the solvent removed under reduced pressure; the resulting slurry was
chromatographed using silica gel and chloroform as eluent to afford the desired free base
porphyrin. Metalation of the porphyrin with Zn(OAc)2·2H2O afforded the desired compound 3
(0.287 g, 12%). 1H NMR (600 MHz, CDCl3, 298K): δ (ppm) = 10.29 (s, 2H), 9.40 (d, J = 4.5 Hz,
2H), 9.37 (d, J = 4.6 Hz, 2H), 9.21 (d, J = 4.7 Hz, 2H), 9.09 (d, J = 4.7 Hz, 2H), 8.23 (d, J = 7.9
Hz, 2H), 8.12 (d, J = 8.2 Hz, 2H), 7.84 (d, J = 8.0 Hz, 2H), 7.50 (d, J = 8.2 Hz, 2H), 7.43 (d, J =
4.9 Hz, 6H), 7.22 (d, J = 7.8 Hz, 2H), 7.07 (d, J = 7.6 Hz, 2H), 6.99 (t, J = 7.6 Hz, 1H), 6.09 (d, J
= 17.8 Hz, 1H), 5.51 (d, J = 11.1 Hz, 1H). MALDI-TOF MS (m/z): calcd. 717.187 [M]+, found
717.199 [M]+.

Synthesis of 5-(diphenylamino)phenyl,15-triethoxy(phenethyl)silane-zinc(II)-porphyrin
(4). To a two-neck round bottom flask under a nitrogen atmosphere, compound 3 (0.020 g, 0.027
mmol) was added dissolved in 20 mL of anhydrous toluene. Then, HSi(OEt)3 (1.0 mL, 5.4
mmol) was added quickly followed by the Karstedt catalyst (0.046 g, 0.12 mmol). After the
12

addition of the catalyst the flow of nitrogen gas was stopped and the reaction was followed by
TLC until the disappearance of the starting material. The reaction was concentrated under
reduced pressure and flash chromatographed using CH2Cl2 with a gradient of EtOH to avoid
irreversible immobilization of the –Si(OEt)3 group to the silica gel to afford the desired
compound 4 (0.015 g, 75%). MALDI-TOF MS (m/z): calcd. 881.274 [M]+, found 881.319 [M]+.

N

O

NH HN

(1) i
(2) ii

N

N

Zn

N
N

N

N

5

Figure 1.5: Synthesis of 5,15-(diphenylamino)phenyl-zinc(II)-porphyrin. (i: HCHO, TFA,
CHCl3, rt, 24h/DDQ, rt, 18h; ii: Zn(OAc)2·2H2O, MeOH:CHCl3, rt, 5 h)

Synthesis of 5,15-(diphenylamino)phenyl-zinc(II)-porphyrin (5). Reaction conditions
and chromatography were similar to those used to prepare 3 and afforded the desired compound
5 (0.363 g, 12%). 1H NMR (600 MHz, CDCl3, 298K): δ (ppm) = 10.30 (s, 2H), 9.44 (d, J = 4.2
Hz, 4H), 9.25 (d, J = 4.3 Hz, 4H), 8.08 (d, J = 8.2 Hz, 4H), 7.46 (d, J = 8.2 Hz, 4H), 7.42 – 7.37
(m, 12H), 7.15 – 7.07 (m, 4H). UV-vis (CHCl3), λmax (nm): 303, 406, 507, 550, 638. MALDITOF MS (m/z): calcd. 858.245 [M]+, found 857.160 [M-H]+.

Interfacial Layer. Self-assembled monolayers (SAMs) have been extensively studied on
numerous surfaces. One of the most studied systems is thiolates- or dithianes- on gold surfaces
because of the spontaneous and strong Au-S bond formation.40,41 This feature has allowed
researchers to modify surfaces with several different thiol-derivatives that have been remarkably
useful for several applications. Transparent conductive oxides such as indium tin oxide (ITO) and
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fluorine-doped tin oxide (FTO) can be modified with SAMs to improve their ohmic contact with
the active layer in organic photovoltaic cells. For example, Marks et. al modified the surface of
an ITO electrode with an electrochemically active ferrocene-silane monolayer and improvements
in electron transfer from 6.65 s-1 to 7.12 s-1 were observed upon the different ITO preparation and
cleaning procedures.42 Anchor groups that can be utilized to form self-assembled monolayers on
ITO are –CO2H, -Si(OR)3, -SiCl3 and –PO3H2 (Figure 1.6). Carboxylate and phosphonate groups
possess the weakest surface interaction with ITO because the interactions are only based on weak
hydrogen bonding, which is a reversible process (Figure 1.6). Covalent bonding is preferred over
hydrogen bonding because it provides greater stability to the modified surfaces. Therefore, we
decided to use triethoxysilane anchoring groups for the self-assembled monolayers studied in this
dissertation.
Hydrogen
bonding

-CO2H groups

Figure 1.6:

Covalent
bonding

Covalent
bonding

-PO3H2 groups

-SiOR3 groups

Covalent
bonding
-N2+ groups

Possible anchoring groups for ITO self-assembled monolayers on indium tin
oxide (carboxylates, phosphonates, silanes and diazonium salts).

Solar Cells Preparation and Performance. Indium tin oxide-coated glass electrodes (12
mm x 25 mm, 5-15 Ω, 3 mm ITO strip) were cleaned by sonication in Alconox® detergent, DI
water, acetone and isopropyl alcohol for 15 minutes each solvent. They were then dried with N2
gas and placed in a UV-O chamber for 30 minutes. Finally, they were submerged in a deaerated
1 mM toluene solution of compound 4 in the presence of diethylamine for 24 hours under reflux.
After this time, the ITO substrates were rinsed with fresh toluene and sonicated for 5 minutes in
toluene to remove any unanchored compound. They were dried with a flow of nitrogen gas and
stored under vacuum until further characterization.
14

The solid-state UV-vis of the immobilized compound 4 on ITO is shown in Figure 1.7
along with the water contact angle measurements. The spectrum exhibits the characteristic soret
band of the porphyrin core at 450 nm and confirms the successful formation of the monolayer on
the surface of the ITO electrode. This monolayer was used as the electrooxidative polymerization
promoter for compound 5.
1.0

(a)
Absorbance (au)

0.9

0.8

0.7

0.6

0.5
360

400

440

480

520

12.72(20)°

600

640

680

720

84.30(35)°

Cleaned ITO
Hydrophilic surface

Figure 1.7:

560
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(b)

SAM on ITO
Hydrophobic surface

(a) Solid-state UV-vis spectrum of immobilized compound 4 on ITO and (b)
water contact angle measurement for clean and modified ITO.

5,10,15,20-(4-diphenylamino)phenyl-zinc(II)-porphyrin

(5)

was

electrooxidatively

polymerized using a three-electrode set up with the modified ITO, silver wire, and platinum wire
as working, counter and pseudo-reference, respectively. Consecutive cyclic voltammetric scans
from 0 to +1.2 V effectively achieved the in-situ polymeric growth and deposition of the
polymer layer on the surface of the ITO. To be able to study the thickness of the electron donor
layer, an increasing number of consecutive oxidative scans were performed and the layer
thicknesses were analyzed using a profilometer. Preliminary results indicated that nine cycles
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resulted in approximately 20 nm layers. Therefore, OPV devices were prepared using nine
consecutive oxidative scans for the polymerized layer.
For the electron acceptor layer, approximately 20 nm layers of C60 were evaporated on
top of the electro-polymerized layer of 5 using an organic evaporator inside of a glove box.
Unfortunately, when devices were tested no current flow was observed. This lack of current
could be associated with the thickness of the photoactive layer; thus, we needed to reinvestigate
the thickness of the polymerized layers because it is crucial for proper exciton diffusion and
collection of charges. We investigated the thickness of a different number of CV cycles on
patterned-ITO substrates with two ITO strips. One ITO strip was used as a control and the other
to perform the electropolymerization (Figure 1.8a).

Figure 1.8: (a) ITO preparation for electrooxidative polymerization studies; (b) cyclic
voltammograms after 8, 12 and 20 consecutive oxidative scans of compound 5 and; (c) ITO
substrates after each cycle.

Electrooxidative polymerization of 5 was done starting with two consecutive scans and
increasing two consecutive scans per new substrate until 20 consecutive scans were achieved.
Figure 1.8b shows the cyclic voltammograms for cycles 8, 12 and 20 demonstrating that
deposition of the material over the surface of the electrode occurred efficiently, and Figure 1.8c
shows the ITO substrates after electropolymerization of 5.
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As the number of oxidative scans increases the thickness of the film is expected to
increase, and this was visually confirmed. However, when the thicknesses were determined using
the profilometer and plotted as a function of the number of cycles (Figure 1.9), the thickness
does not seem to increase linearly as expected. This discrepancy is probably due to the solution
concentration of 5 at the time of polymerization since ITO thickness differences between
different substrates were ruled out by using the ITO control strip on each substrate. Another
possible cause is that the resistance of the ITO strip is slightly different across the strip.

Figure 1.9:

Polymer thicknesses as a function of consecutive oxidative scan cycles.
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1.2

DYE-SENSITIZED SOLAR CELLS
Dye-sensitized solar cells have been widely studied and their overall photoconversion

efficiencies have surpassed those of bilayer solar cells. They are the most efficient photovoltaic
devices involving organic compounds to date, with photoconversion efficiencies of >12%43 and a
confirmed 14.1% record by Graetzel and his team at the École Polytechnique Fédérale de
Lausanne.44 Extensive research in the past years has been focused on the modification and
development of semiconductors, inhibition of charge recombination processes, electrolyte
replacement, and on the syntheses of new dyes that can absorb efficiently in the solar spectrum.
Additionally, the structural design of new dyes has been guided my motifs that decrease
molecular aggregation, which contributes to charge recombination and lowers the collection of
electrons at the semiconductor interface, therefore resulting in lower photoconversion
efficiencies. The configuration of DSSC devices differs from those of organic photovoltaics
(Figure 1.1); the transparent conductive oxide is a fluorine-doped tin oxide coated with a
semiconductor layer of TiO2 that works as a scaffold layer for the light harvesting dye
compounds. They are not solid-state devices, instead they depend on liquid electrolytes to
regenerate the oxidized dye compounds after electron injection to the semiconductor layer. The
back electrode usually consists of a Pt-coated FTO electrode (Figure 1.10).
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Figure 1.10: DSSCs configuration.

1.2.1

Light harvesting materials
A crucial requirement for an organic compound to be used in DSSCs is to exhibit high

molar absorptivity. A common strategy to achieve high molar coefficients is to increase the
conjugation but, unfortunately, as conjugation increases so does molecular aggregation through
π-π interactions. To increase open-circuit voltage (Voc) values and consequently improve overall
solar-cell performances, effective suppression of recombination processes [between the injected
electrons and triiodide (I3–) ions in the electrolyte], dark currents, and of aggregation processes of
dye molecules is required. The use of additives is one commonly used strategy to inhibit the
aggregation process and improve the Voc, however, this lowers the amount of dye adsorbed into
the semiconductor, thus lowering the photoconversion efficiency of the device.45 Other strategies
rely on the usage of sterically bulky groups such as starburst molecules, long alkyl chain,
fluorinated alkyl chains and dendritic molecules.45-47 Structures that involve tridimensional
organic compounds, such as triphenylamine derivatives are believed to decrease molecular
aggregation at the surface of the semiconductor. Nevertheless, triphenylamine loses its
tridimensionality after charge transfer because of the formation of planar radical cations (Figure
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1.3). Therefore, we designed a supramolecular approach to reduce aggregation and electrolyte
permeability to the surface of the semiconductor by using zinc(II) porphyrins to coordinate with
pyridyl-triphenylamine derivatives (Figure 1.10). Additionally, we designed and synthesized
highly bulky dyes of triphenylamines containing fluorene-9-ylidene with triisopropylsilyl groups.

1.2.2

Pyridyl-based triphenylamine supramolecular dyes

Synthesis of dye compounds

I
N

N

i

O

N

I

N

N
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CN
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Figure 1.11: Synthetic route for the preparation of dye 8. (i: KI, KIO4, K2CO3, AcOH:H2O, 80
o
C, 4h; ii: 4-pyridylboronic acid, K2CO3, Pd(PPh3)4, Tol:MeOH (4:1); iii: Malononitrile, AcOH,
NH3OAc)

Synthesis of 4-(bis(4-iodophenyl)amino)benzaldehyde (6). To a three-neck round bottom
flask were transferred 4-(N,N’-Diphenylamino)benzaldehyde (1.36 g, 4.98 mmol), potassium
iodide (0.827 g, 4.98 mmol) and potassium iodate (1.07 g, 4.98 mmol) followed by 40 mL of
acetic acid:water. The reaction was stirred at 80 °C for 4 h. After this time, the reaction was
allowed to cool down and poured onto ice. The resulting precipitate was filtered and dried under
vacuum. Recrystallization from ethanol afforded the desired product 6 (2.25 g, 86%). 1H NMR
(600 MHz, CDCl3, 298K): δ (ppm) = 9.88 (s, 1H), 8.66 (d, J = 6.1 Hz, 4H), 7.76 (d, J = 8.7 Hz,
2H), 7.63 (d, J = 8.7 Hz, 3H), 7.50 (d, J = 6.1 Hz, 2H), 7.29 (d, J = 8.7 Hz, 3H), 7.18 (d, J = 8.8
Hz, 2H). UV-vis (CHCl3), λmax (nm): 243, 298, 315, 365. MALDI-TOF MS (m/z): calcd. 524.909
[M]+, found 523.969 [M-H]+.
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Synthesis of 4-(bis(4-(pyridin-4-yl)phenyl)amino)benzaldehyde (7). To a three-neck
round bottom flask compound 6 (0.200 g, 0.38 mmol) was transferred followed by 4pyridylboronic acid (0.098 g, 0.80 mmol) and potassium carbonate (0.110 g, 0.80 mmol). The
flask was placed under a nitrogen atmosphere and the reagents were dissolved with 25 mL of
Tol:MeOH (20:5) and degassed for 30 minutes. After this time, Pd(PPh3)4 was added and the
reaction was heated to reflux and stirred overnight. The reaction was allowed to cool down,
diluted with chloroform, and then extracted with NH4Claq (3 x 50 mL). The organic phases were
combined and dried over Na2SO4. Column chromatography using silica gel and CH2Cl2:MeOH
(5%) afforded the desired product 7 (0.102 g, 50%). 1H NMR (600 MHz, CDCl3, 298K): δ (ppm)
= 9.88 (s, 1H), 8.67 (s, 4H), 7.77 (d, J = 8.6 Hz, 2H), 7.64 (d, J = 8.5 Hz, 4H), 7.51 (d, J = 5.4
Hz, 4H), 7.28 (d, J = 14.8 Hz, 2H), 7.19 (d, J = 8.3 Hz, 4H). UV-vis (CHCl3), λmax (nm): 241,
266, 307, 342, 450. MALDI-TOF MS (m/z): calcd. 427.168 [M]+, found 426.090 [M-H]+.

Synthesis of 2-(4-(bis(4-(pyridin-4-yl)phenyl)amino)benzylidene)malononitrile (8).
Compound 7 (0.079 g, 0.19 mmol) was transferred to a round bottom flask followed by
malononitrile (0.142 g, 2.14 mmol), ammonium acetate (0.240 g, 3.09 mmol) and acetic acid (30
mL) and the mixture was stirred under reflux for 6 hours. 1H NMR (600 MHz, CDCl3, 298K) δ
(ppm): 8.67 (d, J = 6.0 Hz, 4H), 7.80 (d, J = 9.1 Hz, 2H), 7.66 (d, J = 8.8 Hz, 5H), 7.50 (d, J =
6.1 Hz, 5H), 7.31 (d, J = 8.4 Hz, 4H), 7.12 (d, J = 9.0 Hz, 4H). UV-Vis (CHCl3), λmax (nm): 265,
342, 450. MALDI-TOF MS (m/z): calcd. 475.180 [M]+, found 475.249 [M]+.
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Figure 1.12: Synthetic route for the preparation of compound 9. (i: TFA, CHCl3, rt, 24h/DDQ,
18h; ii: Zn(OAc)2·2H2O, MeOH:CHCl3, rt, 5 h)

Synthesis

of

5,10,15,20-tert-butylphenyl-Zn(II)-porphyrin

(9).

Reaction

and

chromatographic procedures as those to prepare 3 were followed to afford 9 (0.287 g, 12%). 1H
NMR (600 MHz, CDCl3, 298K) δ (ppm): 8.98 (s, 8H), 8.15 (d, J = 8.0 Hz, 8H), 7.76 (d, J = 8.1
Hz, 7H), 1.62 (s, 36H). UV-Vis (CHCl3), λmax (nm): 302, 423, 551, 591. MALDI-TOF MS (m/z):
calcd. 900.411 [M]+, found 900.086 [M + H]+.

Photovoltaic Performance. The DSSC device configuration is presented in Figure 1.10.
FTO (fluorine-tin oxide) was used as the anode, TiO2 as the semiconductor, platinum as the
cathode back electrode and I/I3- as the electrolyte solution. TiO2 substrates were submerged into
dye solutions fir around 3-5 hours and their photoconversion efficiencies are reported in Table 1.
To confirm the inhibition of the aggregation process using the supramolecular approach, the
photoconversion efficiencies of the triphenylamine dyes were determined. Entry 1 in Table 1.1
shows the photoconversion efficiency of dye 8, which reached an efficiency of 0.68%. If
reduction of aggregation processes was achieved by supramolecular complex formation, an
increase in photoconversion efficiencies should be observed. Entry 2 corresponds to a two-step
submersion of the TiO2 substrates, first in a solution of dye 8 (0.2 mM/THF) and then in a
solution of 9 (0.2 mM/THF), and entry 3 corresponds to a 0.2 mM solution of 8 and 9 in a 1:2
molar ratio. A slight increase in the efficiency of the cells was observed but it was not as
significant as to confirm that the aggregation process was inhibited. A possible explanation is
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that the exposure time of the dye to the porphyrin solution was not long enough. To test this
hypothesis, the supramolecular assembly was done prior to dye adsorption on the TiO2 surface.

Table 1.1: Solar cell characteristics of DSSC based on 8 and 9.
Compounds

Voc
(V)

Jsc
(mA/cm2)

FF

η (%)

8
8→9
8+9

0.6713
0.6669
0.6802

1.312
1.303
1.366

0.781
0.783
0.772

0.682
0.704
0.710

Dye 8 and Zn(II)Porphyrin 9 were dissolved in chloroform in a 1:2 ratio and stirred for
eleven days, following the supramolecular assembly process by thin layer chromatography
(TLC). After the appearance of a new spot on TLC, column chromatography was performed to
isolate the complex. Unfortunately, at the time of elution the color of the band turned from a
greenish color into a light purple-blue color. Matrix-assisted laser desorption ionization time-offlight (MALDI-TOF) data did not show the mass corresponding to the complex nor its
corresponding fragmentations. UV-Vis data did not show absorption bands corresponding to the
porphyrin moiety, instead a new broad band appeared at higher wavelengths (575 nm).
Submersion of this unknown compound in TiO2 did not adsorb on the surface of the
semiconductor. It was clear that the supramolecular assembly was not stable under long exposure
to chromatographic conditions.
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1.2.3

Fluoren-9-ylidene-based triphenylamine bulky dyes
The content presented here is a modified version of the following article (See Appendix

D for the copyright letter):
(1) Tigreros, A.; Rivera-Nazario, D.M.; Ortiz, A.; Martín, N.; Insuasty, B.; Echegoyen
L.A. Eur. J. Org. Chem. 2015, 5537-5545.

Introduction. The generation of clean and renewable energy is one of the most important
scientific and technological challenges of the 21st century. Because sunlight is the most abundant
source of readily available energy,48 organic solar cells and particularly dye sensitized solar cells
(DSSCs) appear to be a highly promising and cost-effective alternative for photovoltaic
technologies.49-51
DSSCs are electrochemical devices that use light-absorbing dye molecules attached to
semiconductor nanoparticles that convert sunlight into electrical energy.52 In this type of
photovoltaic device, the sensitizer absorbs the light and injects electrons into the conduction
band of the semiconductor.53 Presently the most efficient photosensitizers are ruthenium54 and
porphyrin based dyes.55-57 However, these chromophores are expensive and difficult to prepare in
high yields. Thus, the design of new metal free compounds for DSSCs is an active field in
materials science,58 and numerous reports concerning the photophysical, photochemical and
electrochemical properties of the dyes have appeared. The Donor-π-Bridge-Acceptor (D-π-B-A)
model is the most common strategy utilized.59-61 Much progress has been made in recent years
using different chromophores with D-π-B-A architectures using coumarine,62 indoline,63
rhodanine64,65 and triarylamine groups.66
In order to achieve high conversion efficiencies, one of the most important requirements
is that the sensitizer absorbs as much incoming sunlight as possible. One strategy towards this
end is introducing more π-conjugated segments between the donor and the acceptor. However,
the elongation with rod or disk-shape molecules can lead to the recombination of the
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photoinduced electrons with the triiodide electrolyte and to the formation of aggregates between
dye molecules.67-69
The effective suppression of recombination processes (between the injected electrons and
triiodide (I3-) ions in the electrolyte), dark current, and of the aggregation processes of dye
molecules leads to increased of the the Voc values and consequently to better solar cell overall
performances. To achieve these goals, coadsorbents such as tert-butylpyridine (TBP)70 and
deoxycholic acid (DCA)71 have been used. However, the use of additives decreases adsorbed dye
on the TiO2 surface and thus to lower photoconversion.45 Other strategies to inhibit these
processes and to improve the Voc involve the incorporation of starburst molecules,45 long alkyl
chains72 or fluorinated alkyl chains47 and dendritic molecules,73 with outstanding results. The
fluoren-9-ylidene based compounds have been used in high efficiency polymer solar cells74 and,
more recently, in DSSCs.45,75
Based on these considerations, we designed and synthesized three new dyes, 13-14 and
18, by extending the starburst shape of triarylamine-cyano acrylic chromophores with fluorene9-ylidenes as antennas, Figure 1.13. We anticipated that introducing highly hindered alkyl group
as triisopropylsilylacetylene would improve the overall DSSC device performances.
Furthermore, since the conjugation with a fluorene group would increase electron delocalization
and the electron-donating ability of the triarylamine, we decided to increase the distance between
the fluorene moiety and the triarylamine by introducing an additional vinyl group to avoid steric
repulsions.
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Figure 1.13: Structure of dyes 13-14 and 18.

Results and Discussion
Synthetic Procedures. The syntheses of the sensitizers 13-14 and 18 were achieved in
two (13), three (14) and four (18) steps by the synthetic pathways described in Figures 1.21 and
1.22.

The

starting

compounds

4,4'-(phenylazanediyl)dibenzaldehyde

and

(E)-3-(4-

(diphenylamino)phenyl)acrylaldehyde were prepared according to reported procedures and the
analytical data are presented in the supporting information. Aldehydes 10 and 11 were prepared
by condensation of 4,4'-(phenylazanediyl)dibenzaldehyde with 9H-fluorene and 2,7-dibromo9H-fluorene, respectively, in the presence of sodium hydroxide (NaOH). The preparation of
compound 12 was achieved through Sonogashira coupling of 11 with triisopropysilylacetylene
(TIPSA).

On

the

other

hand,

the

condensation

of

compound

4,4'-

(phenylazanediyl)dibenzaldehyde with 2,7-dibromo-9H-fluorene allows the preparation of 9fluorene-ylidene 15. Compound 16 was readily synthesized from compound 15 via Vilsmeier–
Haack formylation of 15 using DMF/POCl3. Subsequently, compound 16 was coupled with
TIPSA via Sonogashira reaction to yield 17. Finally, starting from the corresponding aldehydes
10, 12 or 17, and cyanoacetic acid in the presence of ammonium acetate and acetic acid as
solvent, the target compounds 13-14 and 18 were prepared through a Knoevenagel condensation
in good yields (74–79%).
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Photophysical and electrochemical properties. The absorption spectra of dyes 13-14
and 18 in THF solution are shown in Figure 1.14 and the data are listed in Table 1.2. All dyes
displayed two major absorption bands: i.e., at around 350 nm corresponding to a π–π* transition
for the fluorene and bisethynylfluorene moieties in 13 and for 14 and 18, respectively, and one
broad absorption at about 422–460 nm attributed to an intramolecular charge transfer (ICT)
transition from the triarylamine donor to the cyanoacrylic acid acceptor. The charge transfer
transition should have a lower energy and higher transition probability in conjugated dipolar
molecules with stronger donors and acceptors. Among all dyes, compound 3, possessing an extra
vinyl group between the fluorene and triarylamine groups, displays a red shifted band, indicating
that the donor capability of the triarylamine is improved by incorporation of the fluorene.
Absorption in the longer wavelength region favors light harvesting by increasing the
photocurrent response region.

13
14
18

Absorbance (a.u.)

1.0
0.8
0.6
0.4
0.2
0.0

300

400
500
Wavelength (nm)

600

(b) 1.0
Normalized Emission (a.u.)

(a) 1.2

0.8

13
14
18

0.6
0.4
0.2
0.0

450 500 550 600 650 700 750
Wavelength (nm)

Figure 1.14: a) Absorption spectra and b) Normalized fluorescence spectra, of dyes 13-14 and
18 in THF.

When dyes 13-14 and 18 are excited at their λmax absorptions in an air-equilibrated
solution at 298 K, they exhibit luminescence maxima at 518 (13), 536 (14) and 549 (18) nm, and
the fluorescence quantum yields reveal a more effective quenching process in dye 18, Figure
1.14 and Table 1.2. This fluorescence behavior indicates that the excited state of dye 18 is more
stabilized than those for 13 and 14.
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Table 1.2: Absorption, emission and electrochemical characteristics of the studied dyes 13-14
and 18. Adapted from Tigreros, A. et.al, Eur. J. Org. Chem., 2015, 5537.25
Dye

λ max-1a/nm-1
(ε/M cm )

E0–0b/nm
(eV)

λ emc/nm
(φ)

Eoxd/eV vs.
NHE
(HOMO)

Eox*e/eVvs.
NHE
(LUMO)

13

288 (20660); 422
(23280)

501 (2.47)

518 (0.011)

+1.26

-1.21

14

289 (35876); 322
(36880); 338 (46744);
435 (29940)

514 (2.41)

536 (0.010)

+1.32

-1.09

18

300 (38876); 326
(71011); 340 (50012);
460 (67969)

546 (2.27)

549 (0.002)

+1.20

-1.07

a

Maximum absorption bands in THF (extinction coefficient in M-1cm-1). bEstimated from the onset of the absorption
spectra in THF. cMaximum of fluorescence spectra in THF (φ = Quantum yield in THF, with Prodan as reference).
d
Oxidation potential measured vs. Fc+/Fc in THF converted to Normal Hydrogen Electrode (NHE); ENHE = (EFc/Fc+ +
0.63) V. eEstimated by Eox* = Eox-E0–0.

The electrochemical properties of the dyes were investigated using cyclic voltammetry
(CV) and differential pulse voltammetry (DPV) in 0.1 M tetra-n-butylammonium
hexafluorophosphate as the electrolyte in CH2Cl2 (Figure 1.15). All dyes displayed a quasireversible oxidation wave more positive than the ferrocene oxidation potential, between +0.57
and +0.69 V vs Fc/Fc+. Dyes 13 and 18 exhibit a second oxidation wave at +0.79 V, possibly
corresponding to the second oxidation of the triphenylamine core. The oxidation potential of dye
18 is the lowest in the series, reflecting the better donor ability of the triphenylamine. Under
these electrochemical conditions no reduction processes were observed for the cathodic scans.
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Figure 1.15: Cyclic voltammetry (Solid) and differential pulse voltammetry (Dash) of dyes 1314 and 18 vs. Fc/Fc+ in TBAPF6/CH2Cl2 at a scan rate of 100 mV/s. Adapted from Tigreros, A.
et.al, Eur. J. Org. Chem., 2015, 5537.25

The energy level of the highest occupied molecular orbital (HOMO) was estimated from
the first oxidation wave relative to the NHE by the following conversion; ENHE = (EFc/Fc+ + 0.63)
V,76 as listed in Table 1.2. The HOMO levels of all dyes were more positive than the reducing
potential of the I-/I3- (0.4 V vs. NHE) pair, ensuring a sufficient driving force for the oxidized
dyes to recapture an electron from the electrolyte. The lowest unoccupied molecular orbital
(LUMO) levels were determined from the first oxidation potential and the 0–0 energy transition
(E0–0), estimated from the on-set of the normalized absorption spectra (Figure 1.14a). The LUMO
level of all the dyes was higher than the TiO2 conduction band (-0.5 V vs. NHE),77 thus ensuring
the feasibility of electron injection (Figure 1.16).
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Figure 1.16: Energy level diagram of fluorene-9-ylidene dyes 13-14 and 18. The redox
potential of the iodine couple and the lower edge of the conduction band (CB) of TiO2 are
included for comparison. Adapted from Tigreros, A. et.al, Eur. J. Org. Chem., 2015, 5537.25

Theoretical Calculations. To analyze the spatial configuration and characteristic
features of the electronic structure of the synthesized dyes, molecular geometries and frontier
molecular orbitals in the ground and excited states were obtained using DFT and TD-DFT
calculations. Figure 1.17 shows the optimized structures of dyes 13-14 and 18. It was found that
the conformations of dyes 13 and 14 represent a structural compromise, which minimizes steric
hindrance and the π-conjugation pathway, with dihedral angles between the phenyl rings of
triarylamine and fluorene of 34° and 36° for 13 and 14, respectively. As a consequence, the
electronic coupling between the fluorene and triarylamine moieties is decreased. On the other
hand, the additional vinylene spacer in dye 18 allows the π-conjugated junction to adopt a more
closely planar conformation, leading to better electronic coupling. However, both twisted
structures and the presence of bulky groups could affect the aggregation and/or recombination
processes, and thus the overall efficiency of the devices.
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Figure 1.17. Optimized molecular structures of dyes 13-14 and 18 calculated with DFT at the
B3LYP, 6-31G (d) level in vacuum.

The HOMOs of all dyes are localized mainly on the triarylamine and fluorene moieties
(particularly in dye 18), whereas the LUMOs are mainly localized on the cyanoacrylic units, with
a slight contribution on the fluorene moiety in dyes 13 and 14, regardless of the presence or
absence of the triisopropylsilylacetylene substituent, Figure 1.18. Thus, the electron distributions
are located mainly on the donor units in the ground state and are displaced to the acceptor units
close to the anchoring groups upon photoexcitation, which favors the electron injection from the
dye molecules to the conduction band edge of TiO2. The particular frontier molecular orbital
distribution observed for dye 18 reveals an effective π-conjugation between the fluorene and
triarylamine junction, as a result of a more planar geometry when compared with dyes 13 and 14.
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Figure 1.18. Frontier molecular orbitals (HOMO black-red and LUMO black-blue) of dyes 1314 and 18 calculated with DFT at the B3LYP, 6-31G (d) level in vacuum.

The CAM-B3LYP functional and 6-31G (d) basis set were used to calculate the
electronic vertical transitions, and solvent effects were included using the PCM model, Table
1.3. In general, the trends in the excitation energies are consistent with the solution spectral data
in THF. The results suggest that the longer wavelength absorptions correspond to the HOMO to
LUMO vertical excitation in all cases. Since the HOMO of the dyes is mainly localized on the
triarylamine group and the LUMO spreads over the phenyl ring of the triarylamine and the
cyanoacrylic acid, it can be argued that the longer wavelength absorptions result from charge
transfer processes for all the dyes.
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Table 1.3: Computed vertical transition energies and their oscillator strengths and
configurations for the dyes 13-14 and 18 Adapted from Tigreros, A. et al., Eur. J.
Org. Chem., 2015, 5537.25
Functional

Parameter

1

2

3

λmax (nm)

414

423

452

CAMB3LYP

f

4.1793

7.6788

4.1399

Configuration

H→L

H→L

H→L

(THF)

(Contribution)

(0.87)

(0.93)

(0.69)

HOMO (eV)

-5.33

-5.46

-5.17

LUMO (eV)

-1.86

-2.42

-3.10

Photovoltaic Performance. DSSC device preparations are described in the experimental
section. For sensitization, the films were impregnated with 0.3 mM solution of dyes 13-14 and
18 in THF for 4 h at room temperature. The samples were then rinsed with the same solvent to
remove unadsorbed dyes from the surface of the photo-electrodes and were air dried at room
temperature. This was followed by addition of the redox electrolyte and the top contact of Pt
coated FTO. J–V characteristics were measured using a solar simulator at approximately 100
mW/cm2.
The device performances are summarized in Table 1.4, with optimal results shown in
Figure 7. Devices fabricated with dyes 13-14 and 18 gave an overall conversion efficiency (η) of
3.98, 4.09 and 4.73%, respectively. The efficiency of dye 18 reached >60% of the efficiency of
devices made with the standard N719 complex (η = 7.30%), under the same conditions.
Table 1.4: Performance parameters of the DSSCs fabricated with dyes 13-14 and 18 and N719.
Adapted from Tigreros, A. et.al, Eur. J. Org. Chem., 2015, 5537.25
Dye

Voc (V)

13
14
18
N719

0.79
0.83
0.81
0.80

Jsc
(mA/cm2)
6.84
6.63
9.59
17.6
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FF

ηa (%)

0.75
0.74
0.62
0.55

3.98
4.09
4.73
7.42

The molecular structures of dyes 13-14 and 18 differ only by an additional TIPSA group
comparing 13 and 14, and by an internal additional vinyl group comparing 14 and 18. These
relatively minor modifications have a significant impact on the photovoltaic performances. Dyes
13 and 14 show very similar fill factors (FF), while for dye 18 the FF value decreases by 17%.
Broadening the incident photon-to-current efficiency (IPCE) spectra is desired to obtain larger
photocurrents, Jsc.78 The dyes exhibit maximum IPCE (>50%) between 340 and 500 nm and the
IPCE spectra broadens and extends to 580 nm upon incorporation of an additional vinyl unit (for
instance, compare 18 with 13 or 14) which is consistent with the bathochromic shift observed for
this dye in solution and loaded TiO2 films, Figure 1.19. These observations explain the higher Jsc
exhibited by dye 18.
Concerning the Voc properties, it was noticed that the introduction of TIPSA groups
improve the photovoltage for these dyes, possibly decreasing the dark current generated by
reduction of I3- with the injected electrons, due to the occurrence of highly sterically hindered
groups on the TiO2 surface, as earlier reported for organometallic complexes73 and metal free
chromophores.47 Noticeably, the Voc observed for dye 18 is higher than the voltage of devices
made with N719 complex.

Figure 1.19: (a) I–V characteristics of the DSSCs fabricated using the dyes 13-14 and 18 and
N719, (b) IPCE spectra of the DSSCs fabricated using the dyes 13-14 and 18. Adapted from
Tigreros, A. et al., Eur. J. Org. Chem., 2015, 5537.25
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Electrochemical Impedance Spectroscopy. The charge recombination at the
TiO2/electrolyte interface was investigated by EIS, which is a versatile steady-state method to
elucidate the electronic and ionic processes occurring in DSSCs. Typical EIS Nyquist plots for
DSSCs based on the three dyes measured under illumination under a forward bias of -0.80 V are
shown in Figure 1.20.
Bulky alkyl/aryl groups in organic dyes are known to enhance free electron lifetimes by
blocking the redox species from approaching the TiO2 electrode.46 For dyes 13-14 and 18, the
fluorene groups in the triarylamine core are expected to exert similar blocking effects. A
standard equivalent circuit model for DSSCs consisting of a series resistance (RS) and charge
transfer resistances (RCT) in series, constant phase elements (CPEs) and a Warburg diffusion
constant (W) was used to satisfactorily model the impedance experimental data (inset, Figure
1.20). The CPEs were introduced in the equivalent circuit model instead of chemical
capacitances (C) to compensate for inhomogeneities and porosity of the TiO2.79 The fitted
interfacial charge transfer resistances (RCT) for TiO2/dye/electrolyte vary from one dye to another
in the sequence 18 (182 Ω) > 14 (104 Ω) > 13 (98 Ω) indicating that recombination of the
conduction band electrons with the electrolyte is more difficult for highly bulky dyes. When
comparing dye 13 with 14 and 18 we noticed a dramatic increase of the RCT values that is
attributed to the occurrence of the bulky triisopropylsilylacetylene groups. On the other hand, it
was readily expected that planarity increases with the expansion of π-conjugation between the
fluorene and triarylamine groups. These geometrical variations could decrease the blocking
effect of the antenna and therefore the differences in the Voc values.
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Figure 1.20: Nyquist plots impedance data of DSSCs for 13-14 and 18 under illumination.
Solid lines represent modeled impedance data. Adapted from Tigreros, A. et.al, Eur. J. Org.
Chem., 2015, 5537.25

The effective free electron lifetimes can be estimated from the electrochemical
impedance data using the equation; τeff = 1/2πfmax, where fmax = f(-Z”)max.80 The fmax values for the
DSSCs under illumination are 11.19, 6.64 and 147 Hz for 13-14 and 18, respectively.
Consequently, the estimated free electron lifetimes follow the trend 14 (2.40 ms) > 13 (1.47 ms)
> 18 (0.108 ms), see Table 1.5. Despite the faster charge carrier recombination rate of 18,
represented by the lower free electron lifetime, a higher overall device performance was
achieved which is attributed to contributions of both the TIPSA bulky groups and the
incorporation of an additional vinylene unit that resulted in a wider absorption spectrum of 18
when compared to those of 13 and 14.
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Table 1.5: Experimentally extracted parameters from the fitted impedance spectra under
illumination/dark for DSSCs of 13-14 and 18.
Dye*

Rs (Ω)

R1 (Ω)

CPE1 (F)

α1

R2 (Ω)

CPE2
(F)

α2

W

τr
(ms)

13
13

19.52
17.93

20.27
19.30

4.79 x 10-4
4.82 x 10-4

0.84
0.76

51.43
97.59

1.33 x 10-5
1.65 x 10-5

0.86
0.83

3.07
1.05

1.42
1.97

14
14

22.38
22.38

34.21
29.54

1.45 x 10-5
3.91 x 10-4

0.81
0.74

99.27
103.9

3.07 x 10-4
1.21 x 10-5

0.84
0.82

2.46
2.11

2.40
2.40

1.89 x 10-5
0.82
18
18.45
54.61
6.22 x 10-6
0.81
18
23.51
78.28
*Values in italics correspond to dark measurements.

182.2
184.5

3.87 x 10-6
1.42 x 10-5

0.92
0.91

0.169
0.910

0.108
0.108

Conclusions. In summary, we have synthesized three new dyes based on triarylamine
donors with different fluorene-9-ylidene groups as antennas and cyanoacrylic acid acceptors. The
compounds were fully characterized by optoelectronic techniques.
The electrochemical and photophysical measurements predicted a feasibility of electron
injection into the conducting band of TiO2 and dye regeneration by the electrolyte. Devices were
constructed and their photovoltaic performances were evaluated. The η values were: 18 (4.73%)
> 14 (4.09%) > 13 (3.98%), which compare with a N719 reference cell of 7.42% under the same
conditions.
Because of the incorporation of the fluorene-9-ylidene unit into the dye skeleton, a Voc as
high as 0.794 V was observed. Additional improvement was achieved by introduction of highly
hindered groups, such as TIPSA, reaching Voc values of 0.832 V. Furthermore, the introduction
of the TIPSA bulky group resulted in an overall device efficiency increase of 3% and 18.8% for
14 and 18, respectively. Therefore, the additional vinyl unit connecting both the fluorene-9ylidene and triarylamine groups with the framework of 18 expanded the π-conjugation length of
the dye, resulting in a wider absorption in the visible region that consequently causes an
enhancement in the IPCE and in an overall efficiency of 4.73%.
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Experimental Section
Materials and Instrument Measurements. Reagents were used as purchased unless
stated

otherwise.

Compounds

4,4'-(phenylazanediyl)dibenzaldehyde

and

(E)-3-(4-

(diphenylamino)phenyl)acrylaldehyde were prepared following literature procedures. All
solvents were dried according to standard procedures. All air-sensitive reactions were conducted
under an argon atmosphere. FT-IR spectra were recorded using a Shimadzu FT-IR 8400
spectrometer. Absorption studies were performed using a Cary 5000 UV-Vis-NIR spectrometer
from Varian using fused Quartz glass cuvettes with a 1 cm optical path. Fluorescence
measurements were performed in a JABSCO spectrofluorometer (FP-8500). NMR spectra were
recorded on a 400 MHz Bruker (1H: 400 MHz, 13C: 100 MHz) spectrometer at 298 K using
partially deuterated solvents as internal standards. Coupling constants (J) are reported in Hz and
chemical shifts (δ) in ppm. Multiplicities are denoted as follows: s = singlet, d = doublet, t =
triplet, m = multiplet, dd = doublet-doublet. Mass spectra were recorded on a Shimadzu MS-QP
2010 spectrometer operating at 70 eV or Matrix Assisted Laser Desorption Ionization (coupled
to a Time-of-Flight analyzer) (MALDI-TOF) Bruker microFLEX LRF spectrometer. Analytical
thin layer chromatography (TLC) was performed using aluminum coated Sorbent technologies
60 UV254 plates.

Electrochemical Measurements. All electrochemical measurements were conducted in
anhydrous dichloromethane (Acros, anhydrous, 99.9%) under an Argon atmosphere using a
CHI440B

electrochemical

workstation

(CH

Instruments,

Inc.).

Tetra-butylammonium

hexafluorophosphate (TBAPF6, Aldrich, 98%) was recrystallized from ethanol and added as the
supporting electrolyte (0.10 M). A three-electrode configuration consisting of a 1.0 mm glassy
carbon working electrode, a platinum wire as counter electrode (Aldrich, 1.0 mm) and a silver
wire as pseudo-reference electrode (Aldrich, 1.0 mm) was used. The redox couple
ferrocene/ferrocenium (Fc/Fc+) was used as the internal reference to measure the potentials. All
potentials were further converted to the normal hydrogen electrode (NHE) by the following
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formula; ENHE = (EFc/Fc+ + 0.63) V. Electrochemical impedance spectroscopy (EIS) results were
obtained using a CHI660A (CH Instruments, Inc.) in the frequency range of 1.0 x 105 – 0.1 Hz
with an AC amplitude of 5 mV. The working electrode was connected to the TiO2 electrode and
the counter and reference electrode to the Pt counter electrode. The obtained spectra were fitted
to an equivalent circuit (inset, Figure 1.20) with EIS Spectrum Analyzer software.81

DSSCs Fabrication. Fluorene doped tin oxide (FTO) coated glass slide sheets (Aldrich,
300 mm x 300 mm x 2 mm, 7Ω/sq) were cut to 2 cm x 2 cm squares. The FTO slides were
sonicated in Alconox® detergent solution for 20 minutes, rinsed with DI water and then
sonicated in DI water and ethanol for 20 minutes each. Slides were dried with a flow of N2 gas
and UV treated for 18 minutes in a UV-Ozone 342 apparatus (Jelight Co.). The FTO slides were
then treated with a 40 mM TiCl4 aqueous solution at 70 oC for 30 minutes. The preparation of the
semiconductor TiO2, electrolyte and Pt counter electrodes were done as previously reported.82 0.3
mM solutions of dyes 1-3 were prepared in THF and TiO2 substrates were submerged in each
solution for 4 hours. After this time, the substrates were rinsed with fresh THF to remove
unadsorbed. In order to prepare the DSSC devices, a tape gasket was used to load the electrolyte
and the cell was backed with the Pt counter electrode. All cell areas were 0.25 cm2 and they were
tested at 1.5AM using a Photo Emission Tech SS100 Solar Simulator at approximately 100
mW/cm2 irradiance.
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Synthesis of dye compounds
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Figure 1.21: Synthetic route for the preparation of dyes 13 and 14. (i: NaOH/EtOH, 9Hfluorene, rf; ii: NaOH/EtOH, 2,7-dibromo-9H-fluorene, rf; iii and iv: AcOH, AcNH4,
cyanoacetic acid, rf; iv: TIPSA, CuI, PPh3, PdCl2(PPh3)2, TEA, rf)

Synthesis of 4-((4-((9H-fluoren-9-ylidene)methyl)phenyl)(phenyl)amino)benzaldehyde
(10). A solution of 4,4'-(phenylazanediyl)dibenzaldehyde (0.151 g, 0.5 mmol), fluorene (0.083 g,
0.5 mmol) and NaOH (1.0 mL, 20% in water) in ethanol as solvent was heated at reflux for 5 h.
After evaporation of the solvent, the crude was purified by flash column chromatography on
SiO2 using hexane/DCM 1:1 as eluent to yield 10 (0.180 g, 80%). Yellow solid; m.p 169 °C; IR
ν: 1689, 1580, 1511 cm-1. 1H NMR (400 MHz, CDCl3, 298 K) δ (ppm): 9.88 (s, 1H), 7.83 (d, J =
7.8 Hz, 1H), 7.83-7.80 (m, 5H), 7.65 (s, 1H), 7.61 (d, J = 8.5 Hz, 1H), 7.47-7.32 (m, 6H), 7.317.23 (m, 2H), 7.23-7.19 (m, 3H), 7.18 (d, J = 8.5 Hz, 2H). 13C NMR (100 MHz, CDCl3, 298 K) δ
(ppm): 190.5, 153.1, 146.1, 141.4, 139.6, 139.1, 136.5, 136.3, 133.0, 131.4, 131.0, 130.0, 129.8,
128.7, 128.2, 127.1, 126.7, 126.6, 126.5, 126.4, 125.5, 125.3, 124.3, 120.4, 120.2, 119.9, 119.7.
MS, EI for C36H24N2O2 m/z 449.2 (m/z expected: 449.2). Anal calcd: C 88.17, H 5.16, N 3.12.
Found: C 88.54, H 5.36, N 3.02%.
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Synthesis

of

4-((4-((2,7-dibromo-9H-fluoren-9-

ylidene)methyl)phenyl)(phenyl)amino)benzaldehyde

(11).

A

solution

of

4,4'-

(phenylazanediyl)dibenzaldehyde (0.301 g, 1.0 mmol), 2,7-dibromofluorene (0. 348 g, 1.0
mmol) and NaOH (1.0 mL, 20% in water) in ethanol as solvent was heated at reflux for 5 h.
After evaporation of the solvent, the crude was purified by flash column chromatography on
SiO2 using hexane/DCM 2:1 as eluent to yield 11 (0.500 g, 83%). Orange solid; m.p 120-122 °C;
IR ν: 1691, 1588, 1503 cm-1. 1H NMR (400 MHz, CDCl3, 298 K) δ (ppm): 9.87 (s, 1 H), 7.88 (d,
J = 1.2 Hz, 1H), 7.76 (d, J = 8.8 Hz, 2H), 7.71 (d, J = 1.8 Hz, 1H), 7.66 (s, 1H), 7.54 (d, J = 8.0
Hz, 2H), 7.52-7.47 (m, 3H), 7.46 (dd, J = 1.8 Hz, J = 8.2 Hz, 1H), 7.41 (t, J = 7.9 Hz, 2H), 7.307.21 (m, 6H), 7.19 (d, J = 8.8 Hz, 2H). 13C NMR (100 MHz, CDCl3, 298 K) δ (ppm): 190.5,
152.9, 146.9, 146.0, 141.0, 139.1, 138.1, 136.9, 134.6, 131.8, 131.3, 131.4, 131.2, 130.7, 130.0,
129.9, 129.3, 127.5, 126.5, 125.5, 125.3, 123.7, 121.3, 121.1, 121.0, 120.7. MS, EI for
C33H21NBr2O m/z 605.0 (m/z expected: 605.0). Anal calcd: C 65.26, H 3.49, N 2.31. Found: C
65.74, H 3.57, N 2.51%.

Synthesis

of

4-((4-((2,7-bis((triisopropylsilyl)ethynyl)-9H-fluoren-9-

ylidene)methyl)phenyl)(phenyl) amino)benzaldehyde (12). A solution of 4-((4-((2,7-dibromo9H-fluoren-9-ylidene)methyl)phenyl)(phenyl)amino) benzaldehyde (0.400 g, 0.66 mmol),
Pd(PPh3)Cl2 (0.0351 g, 0.05 mmol), CuI (0.019 g, 0.1 mmol), PPh3 (0.0262 g, 0.1 mmol) and
TIPSA (0.273 g, 1.5 mmol) in dry TEA (15.0 mL) was refluxed for 12 h. After evaporation of
the solvent, the crude was purified by flash column chromatography on SiO2 using hexane/DCM
2:1 as eluent to yield 12 (0.394 g, 66%). Yellow solid; m.p 106-107 °C; IR ν: 2942, 2863, 2151,
1695 cm-1. 1H NMR (400 MHz, CDCl3, 298 K) δ (ppm): 9.87 (s, 1H), 8.04, (s, 1H), 7.88 (s, 1H),
7.75 (d, J = 8.8 Hz, 2H), 7.67 (s, 1H), 7.66 (d, J = 3.1 Hz, 1H), 7.64 (d, J = 3.1 Hz, 1H), 7.61 (d,
J = 8.4 Hz, 2H), 7.51 (dd, J = 7.8 Hz, J = 1.2 Hz, 1H), 7.47 (dd, J = 7.8 Hz, J = 1.2 Hz, 1H), 7.40
(t, J = 7.9 Hz, 2H), 7.26-7.20 (m, 5H), 7.16 (d, J = 8.8 Hz, 2H), 1.18 (s, 21H), 1.10 (s, 21H). 13C
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NMR (100 MHz, CDCl3, 298 K) δ (ppm): 190.5, 153.0, 146.6, 146.1, 140.5, 139.9, 138.3, 136.6,
136.4, 134.6, 132.2, 132.1, 131.9, 131.4, 131.0, 130.0, 129.9, 128.3, 128.1, 126.7, 125.5, 124.8,
123.9, 122.3, 121.9, 120.8, 119.9, 119.7, 107.8, 107.7, 91.0, 90.8, 18.8, 11.4, 11.3. MALDI-TOF
MS (m/z): calcd. 809.4448; Found: 809.6302. Anal calcd: C 81.53, H 7.84, N 1.73. Found: C
81.59, H 7.98, N 1.79%.

Synthesis

of

(E)-3-(4-((4-((9H-fluoren-9-

ylidene)methyl)phenyl)(phenyl)amino)phenyl)-2-cyanoacrylic acid (13). Prepared following
reported procedures.25 Orange solid, 76 %; m.p 128 °C; IR ν: 3410, 2221, 1687 cm-1. 1H NMR
(400 MHz, CDCl3, 298 K) δ (ppm): 8.15 (s, 1H), 7.84 (d, J = 8.2 Hz, 2H), 7.76-7.65 (m, 4H),
7.55 (s, 1H), 7.51 (d, J = 8.0 Hz, 2H), 7.38-7.28 (m, 4H), 7.20-7.07 (m, 6H), 7.05-6.98 (m, 3H).
13

C NMR (100 MHz, CDCl3, 298 K) δ (ppm): 151.6, 145.6, 145.5, 141.3, 139.6, 139.1, 136.4,

136.2, 135.8, 133.3, 131.0, 130.0, 128.6, 128.3, 128.2, 127.0, 126.8, 126.7, 126.4, 125.7, 125.6,
125.3, 124.2, 120.2, 120.1, 119.8, 119.6. MS, EI for C36H24N2O2 m/z 516.2 (m/z calcd: 516.2).
Anal calcd: C 83.70, H 4.68, N 5.42. Found: C 83.76, H 4.77, N 5.47%.

Synthesis

of

3-(4-((4-((2,7-bis((triisopropylsilyl)ethynyl)-9H-fluoren-9-

ylidene)methyl)phenyl) (phenyl)amino)phenyl)-2-cyanoacrylic acid (14). Prepared following
reported procedures.25 Red solid, 79%; m.p 213 °C; IR ν: 3424, 2940, 2220, 2150, 1692, 1577
cm-1. 1H NMR (400 MHz, CDCl3, 298 K) δ (ppm): 8.17 (s, 1H), 8.01 (s, 1H), 7.94 (d, J = 9.2 Hz,
2H), 7.88 (s, 1H), 7.68 (s, 1H), 7.67-7.61(m, 4H), 7.51 (dd, J = 7.8 Hz, J = 1.2 Hz, 1H), 7.46 (dd,
J = 7.8 Hz, J = 1.2 Hz, 1H), 7.42 (t, J = 7.8 Hz, 2H), 7.30-7.22 (m, 5H), 7.11 (d, J = 9.2 Hz, 2H),
1.18 (s, 21H), 1.10 (s, 21H). 13C NMR (100 MHz, CDCl3, 298 K) δ (ppm): 167.6, 155.3, 152.6,
145.9, 145.5, 140.6, 139.8, 136.6, 134.9, 133.6, 132.7, 132.3, 131.1, 130.1, 128.2, 128.1, 126.8,
126.1, 125.3, 123.9, 122.4, 121.9, 121.1, 120.2, 119.9, 116.2, 107.8, 107.6, 107.4, 96.7, 91.1,
90.8, 18.8, 11.4, 11.3. MS, EI for C58H64N2O2Si2 m/z 876.5 (m/z expected: 876.5). Anal calcd: C
79.40, H 7.35, N 3.19. Found: C 79.55, H 7.39, N 3.40.
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Figure 1.22: Synthetic route for the preparation of dye 18. (i: NaOH/EtOH, 2,7-dibromo-9Hfluorene, rf; ii: DMF/POCl3, rf; iii: TIPSA, CuI, PPh3, PdCl2(PPh3)2, TEA, rf); iv: AcOH,
AcNH4, cyanoacetic acid, rf)

Synthesis

of

(E)-4-(3-(2,7-dibromo-9H-fluoren-9-ylidene)prop-1-en-1-yl)-N,N-

diphenylaniline (15). A solution of (E)-3-(4-(diphenylamino)phenyl)acrylaldehyde (0.150 g,
0.50 mmol), 2,7-dibromofluorene (0.162 g, 0.50 mmol) and NaOH (10.0 mL, 20% in water) in
20.0 mL of ethanol was refluxed for 10 h. After evaporation of the solvent, the crude was
purified by column chromatography on SiO2 using hexane/DCM 7:1 as eluent to yield 15 (0.200
g, 66%). Orange solid; m.p 100-101 °C; IR ν: 2942, 1600, 1525 cm-1. 1H NMR (400 MHz,
CDCl3, 298 K) δ (ppm): 8.11 (s, 1H), 7.84 (d, J = 1.4 Hz, 1H), 7.69 (t, J = 14.0 Hz, 1H), 7.60 (d,
J = 8.0 Hz, 1H), 7.55 (d, J = 8.0 Hz, 1H), 7.51-7.42 (m, 4H), 7.36-7.28 (m, 5H), 7.17 (d, J = 7.6
Hz, 4H), 7.14-7.06 (m, 4H), 7.02 (d, J = 14.0 Hz, 1H). 13C NMR (100 MHz, CDCl3, 298 K) δ
(ppm): 147.1, 141.4, 141.1, 138.8, 138.4, 136.4, 131.3, 130.4, 130.3. 130.2, 129.8, 129.5, 128.5,
127.9, 125.3, 125.2, 123.9, 123.2, 122.4, 121.9, 121.2, 121.1, 120.9, 120.8. MS, EI for
C34H23NBr2 m/z 603.0 (m/z calcd: 603.0). Anal calcd: C 67.46, H 3.83, N 2.31. Found: C 67.70,
H 3.93, N 2.39%.
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Synthesis

of

(E)-4-((4-(3-(2,7-dibromo-9H-fluoren-9-ylidene)prop-1-en-1-

yl)phenyl)(phenyl)amino) benzaldehyde (16). A solution of (E)-4-(3-(2,7-dibromo-9H-fluoren9-ylidene)prop-1-en-1-yl)-N,N-diphenylaniline (0.150 g, 0.25 mmol) and POCl3 (0.153 g, 1.0
mmol) in DMF (3.0 mL) was heated at 80 °C for 48 h. Then water (30 mL) was added to quench
the reaction, the solution was neutralized with K2CO3 and the aqueous phase was extracted with
DCM (3 x 20 mL). After evaporation of the solvent, the crude was purified by column
chromatography on SiO2 using DCM as eluent to yield 16 (0.126 g, 80%). Red solid; m.p 128130 °C; IR ν: 2970, 1690, 1530 cm-1. 1H NMR (400 MHz, CDCl3, 298 K) δ (ppm): 9.87 (s, 1H),
8.10 (d, J = 1.6 Hz, 1H), 7.83 (d, J = 1.6 Hz, 1H), 7.78-7.68 (m, 3H), 7.59 (d, J = 8.6 Hz, 1H),
7.57-7.51 (m, 3H), 7.49 (dd, J = 8.1 Hz, J = 1.6 Hz, 1H), 7.45 (dd, J = 8.1 Hz, J = 1.6 Hz, 1H),
7.39 (t, J = 7.5 Hz, 2 H), 7.32 (d, J = 11.9 Hz, 1H), 7.26-7.18 (m, 5H), 7.14 (d, J = 8.6 Hz, 2H),
7.03 (d, J = 15.2 Hz, 1H). 13C NMR (100 MHz, CDCl3, 298 K) δ (ppm): 190.5, 152.8, 147.2,
145.9, 141.3, 140.2, 138.7, 138.6, 136.6, 132.5, 132.3, 131.4, 130.7, 130.6, 130.1, 130.0, 129.7,
128.7, 128.0, 126.6, 125.6, 125.3, 123.4, 123.3, 121.3, 121.2, 121.0, 120.9, 120.8. MS, EI for
C35H23NOBr2 m/z 631.0 (m/z calcd: 631.0). Anal calcd: C 66.37, H 3.66, N 2.21. Found: C 66.67,
H 3.70, N 2.67%.

Synthesis of (E)-4-((4-(3-(2,7-bis((triisopropylsilyl)ethynyl)-9H-fluoren-9-ylidene)prop1-en-1-yl)phenyl)(phenyl)amino)benzaldehyde (17). A solution of (E)-4-((4-(3-(2,7-dibromo9H-fluoren-9-ylidene)prop-1-en-1-yl)phenyl) (phenyl)amino) benzaldehyde (0.110 g, 0.17
mmol), Pd(PPh3)Cl2 (0.035 mg, 0.05 mmol), CuI (0.019 g, 0.1 mmol), PPh3 (0.026 g, 0.1 mmol)
and TIPSA (0.100 g, 0.55 mmol) in dry TEA (10.0 mL) was heated at 70 °C for 20 h. After
evaporation of the solvent, the crude was purified by column chromatography on SiO2 using
hexane/DCM 3:1 as eluent to yield 17 (0.100 g, 70%). Orange solid; m.p 90-92 °C; IR ν: 2990,
2148, 1692 cm-1. 1H NMR (400 MHz, CDCl3, 298 K) δ (ppm): 9.87 (s, 1H), 8.17 (s, 1H), 7.91
(dd, J = 1.2 Hz, J = 15.0 Hz, 1H), 7.84 (s, 1H), 7.75 (d, J = 8.8 Hz, 2H), 7.68 (d, J = 7.8 Hz, 1H),
7.63 (d, J = 7.8 Hz, 1H), 7.54 (d, J = 8.8 Hz, 2H), 7.48 (t, J = 8.4 Hz, 3H), 7.43-7.35 (m, 3H),
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7.26-7.19 (m, 3H), 7.15 (t, J = 9.0 Hz, 4H), 7.03 (d, J = 15.0 Hz, 1H), 1.19 (s, 21H), 1.16 (s,
21H). 13C NMR (100 MHz, CDCl3, 298 K) δ (ppm): 190.5, 152.8, 146.8, 145.9, 140.0, 139.8,
138.7, 138.1, 137.5, 133.4, 133.1, 131.7, 131.4, 131.3, 129.9, 129.1, 128.6, 128.4, 126.6, 125.6,
125.4, 124.2, 123.8, 122.2, 122.1, 120.6, 120.1, 119.8, 108.0, 107.8, 91.2, 90.9, 68.1, 18.8, 18.7,
11.5, 11.4. MALDI-TOF MS (m/z): calcd: 835.4605 [M]+, found 835.4009 [M]+. Anal calcd: C
81.86, H 7.83, N 1.67. Found: C 81.90, H 7.84, N 1.76%.

Synthesis

of

(E)-3-(4-((4-((E)-3-(2,7-bis((triisopropylsilyl)ethynyl)-9H-fluoren-9-

ylidene)prop-1-en-1-yl)phenyl)(phenyl)amino)phenyl)-2-cyanoacrylic

acid

(18).

Prepared

following reported procedures.25 Red solid, 74%; m.p 70 °C; IR ν: 3423, 2890, 2221, 2149, 1684
cm-1. 1H NMR (400 MHz, CDCl3, 298 K) δ (ppm): 8.16 (s, 2H), 7.96-7.87 (m, 3H), 7.84 (s, 1H),
7.68 (d, J = 7.6 Hz, 1H), 7.63 (d, J = 7.8 Hz, 1H), 7.55 (d, J = 8.6 Hz, 2H), 7.52-7.45 (m, 2H),
7.45-7.36 (m, 3H), 7.23 (d, J = 7.6 Hz, 2H), 7.18 (d, J = 8.6 Hz, 2H), 7.12-7.05 (m, 3H), 7.01 (d,
J = 12.9 Hz, 1H), 1.18 (s, 21H), 1.15 (s, 21H). 13C NMR (100 MHz, CDCl3, 298 K) δ (ppm):
152.5, 145.4, 144.0, 140.1, 139.8, 138.6, 137.5, 133.7, 133.6, 131.8, 131.5, 130.1, 128.6, 128.5,
126.9, 126.2, 126.0, 125.6, 124.6, 123.9, 122.3, 122.2, 120.2, 120.0, 119.9, 108.0, 107.8, 107.5,
18.9, 18.8, 11.5, 11.4. MALDI-TOF MS (m/z): calcd: 902.4663 [M]+, found 902.4600 [M]+.
Anal calcd: C 79.77, H 7.36, N 3.10. Found: C 80.01, H 7.46, N 3.22%.
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1.3

BULK-HETEROJUNCTION SOLAR CELLS
Bulk-heterojunction (BHJ) solar cells consist of a mixture of donor and acceptor

compounds dissolved in an organic solvent, which are spin-coated over the surface of a modified
transparent conductive oxide electrode, in our case we used indium-doped tin oxide (ITO)
electrodes. Under conventional procedures, the OPV devices are prepared as follows: (1) spincoating of an interfacial layer on the surface of the ITO electrode, (2) spin-coating of the
photoactive layer over the modified ITO electrode, (3) evaporation of an interfacial layer over
the photoactive layer and (4) deposition of the cathode electrode by evaporation (Figure 1.1c). In
the following sections we will discuss the application of fullerene-based dyads and triads as
components of interfacial layers and photoactive layers in OPV devices.

1.3.1

Interfacial Layers
Proper collection of charges at the electrodes is an important parameter in organic solar

cells. Interfacial layers between the electrodes and the photoactive layer have been incorporated
to improve charge collection and ohmic contacts.83 The most studied interfacial layer between
the anode and the photoactive layer is the negatively charged polymer poly(3,4ethylendioxythiophene):poly(styrenesulfonate)

(PEDOT:PSS)

that

possesses

good

hole

transporting ability. However, inhomogeneities at the surface of the electrode after deposition of
the polymer lower the stability and performance of the OPV devices. Self-assembled monolayers
(SAMs) have been used as interfacial layers and they have improved ohmic contacts and charge
collection.42 Theoretically, if PEDOT:PSS is substituted with a neutral self-assembled monolayer
that can produce a charge-separated state upon exposure to light, device efficiencies should
increase by cell polarization (Figure 1.23). Therefore, donor-fullerene dyads and triads are
proposed as potential photo-switched polarizing layers for enhanced efficiencies of solar cell
devices.
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Figure 1.23: Illustration of an (a) electron transfer from donor (D) to acceptor (A) upon light
irradiation and its corresponding charge-separated state D+-A- leading to an electron
blocking/hole transporting layer (EB/HT). (b) Inverted orientation of charge-separated state
(HB/ET).

1.3.1.1 Self-Assembled Monolayers of C60-Triphenylamine Dyads as Photo-Switched
Interfacial Layers for Potential Application in Photovoltaic Cells
The content presented here is adapted with permission from Hosseini, M.; RiveraNazario, D.M.; Echegoyen L.A. ACS Appl. Mater. Interfaces 2014, 6, 3712-3720. Copyright
2014 American Chemical Society. (See Appendix E for the copyright letter)

Introduction. Organic photovoltaic (OPV) devices, while not as efficient energy-wise as
inorganic ones, are considered of great potential for cost efficient solar cell technology because
of their electronic and optical properties their light weight and mechanical flexibility.84-87 A
requirement for higher efficiency is the proper collection of charge carriers while minimizing
charge recombination processes.88-91 To accomplish this, it is important to collect the majority of
the charge carriers while blocking the counterparts to create a depletion region to improve the
diffusion, and to polarize the OPV device to increase drift velocities.89-92 A variety of interfacial
treatments and materials have been used to improve the charge transport/blocking and the ohmic
contacts

at

both

cathode/organic

and

anode/organic

interfaces.93,94

Poly

(3,4-

ethylendioxythiophene):poly (styrenesulfonate) (PEDOT:PSS) has been widely used as an
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interfacial layer (IFL) which exhibits good hole transport in contact with tin-doped indium oxide
(ITO) in typical OPV anodes. However, the inhomogeneity of the electrode surface results in
some limiting factors for stability and performance of OPVs, such as high series resistances,
acidity and low durability caused by degradation under UV illumination.95,96 It has been reported
that self-assembled monolayers (SAMs) in OPVs can block currents at the cathode or serve as
moisture blocking layers and as dipolar surface layers to enhance charge injection.83,97,98
Moreover, it has been shown that the use of a polarized SAM as an IFL can increase the photo
conversion efficiency of small-molecule OPV devices.99 Based on these reports, electrical
polarization at interfacial layers in anodes or cathodes should increase the efficiency of OPV
devices. Using donor-acceptor (D-A) dyads with the correct molecular orientation should lead to
D+-A- charge separated states upon photo-excitation and in turn to enhance OPV device
efficiencies. Light-induced charge separation plays an important role in the design of OPVs
based on D-A systems. Several investigations have shown that the lifetimes of the chargeseparated states (D+-A-) can be controlled by different parameters such as: the nature of the DA100 spacer (linker) between the donor and acceptor;101-103 and by the length and orientation of the
spacer.104,105 C60 has been used widely as an electron acceptor in D-A dyad systems due to its
unique three-dimensional structure, low reorganization energy upon reduction and good electron
accepting properties.31,101-106 Among the many electron donor molecules that have been used,107-109
triphenylamine (TPA) is known as a relatively strong light absorber and it has excellent hole
transporting properties.31,110,111 In this work we focused on the design, syntheses and analyses of
D-A dyad (TPA-C60) SAMs as IFLs in which the acceptor (C60) is attached (adsorbed) to the
anode (gold) by an anchoring group (Figure 1.24). Upon illumination, the TPA-C60 dyads form
charge-separated states that should function as hole-blocking/electron transporting (HB/ET)
layers. Electrochemical impedance spectroscopy was employed to investigate the surface
properties of the SAMs using both a negative as well as a positive electrochemical probe. Three
SAMs containing TPA-C60 dyads with different linkers were prepared and their optical, physical
and chemical properties were investigated using different techniques.
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Figure 1.24: Concept of photo-switched donor-acceptor (D+-A-) SAM on a gold surface.
Reprinted with permission from Hosseini, M.; Rivera-Nazario, D.M.; Echegoyen L.A. ACS Appl.
Mater. Interfaces 2014, 6, 3712-3720. Copyright 2014 American Chemical Society. (See
Appendix E for the copyright letter)

Experimental Section
Synthesis of photo-switched fullerene-based dyads trans-19 and cis-19. Anhydrous
chlorobenzene

was

purchased

from

Sigma-Aldrich

and

used

as

received.

4-

(diphenylamino)benzaldehyde was purchased from Aldrich and DL-homocysteine was purchased
from TCI America, and both were used as received. C60 99.5+ % was purchased from SES
Research and used as received. 1H and 13C NMR spectra were recorded on a JEOL ECA 600
NMR spectrometer at room temperature using CDCl3 or CDCl3:CS2 as solvent. UV-vis spectra
were collected at room temperature using a Varian UV-Vis-NIR Cary 5000 spectrophotometer.
Mass spectra were obtained using a Bruker microFlex MALDI-TOF spectrometer on reflector
positive mode using 1,8,9-trihydroxyanthracene as the matrix.
Synthesis of mono-2-(ethanethiol)-5-((4-diphenylamino)phenyl)fulleropyrrolidine (trans19 and cis-19), *Note: this nomenclature should not be confused with C60 bis-adduct
nomenclature. The general procedure for 1,3-dipolar cycloaddition reactions was followed.112 C60
(100 mg, 0.14 mmol) was added to a 100 mL Schlenk flask along with 4(diphenylamino)benzaldehyde (17 mg, 0.07 mmol) and DL-homocysteine (47 mg, 0.35 mmol).

49

The mixture was dissolved in 50 mL of anhydrous chlorobenzene and heated to 150 °C under
Argon for 12 hours. After 12 hours the reaction mixture was allowed to cool down and the
solvent was finally removed under reduced pressure. The remaining solid was then dissolved in
CS2 and chromatographed using a silica gel column, eluting first with CS2 to remove the
unreacted C60 followed by toluene to elute two fractions of diastereomers (trans-19, 2.0 mg, 3%
yield; cis-19, 16.8 mg, 22% yield). Note: cis-19 was used for SAM formation and analysis.

trans-19: Rf = 0.48 (silica gel, toluene); 1H NMR (600 MHz, CDCl3): δ (ppm) = 7.58 (d, J
= 8.6 Hz, 2H), 7.24 - 7.19 (m, 4H), 7.12 (d, J = 8.5 Hz, 2H), 7.04 (d, J = 8.9 Hz, 3H), 7.01 (t, J =
7.5 Hz, 3H), 5.95 (s, 1H), 5.36 (dd, J = 11.5, 3.9 Hz, 1H), 3.28 - 3.18 (m, 2H), 3.18 - 3.09 (m,
1H), 3.09 - 3.01 (m, 1H), 2.68 - 2.61 (m, 1H), 1.73 (t, J = 8.0 Hz, 1H). UV-Vis λmax (nm): 309,
431; Anal. calcd for C82H22N2S: C, 92.29; H, 2.08; N, 2.63; S, 3.00. Found: C, 91.13; H, 2.02; N,
2.61; S, 3.12.

Figure 1.25: 1H NMR of trans-19 in CDCl3:CS2 at room temperature. (Note: the specific
enantiomer shown is only one of the two possible cis derivatives.) Adapted with permission from
Hosseini, M.; Rivera-Nazario, D.M.; Echegoyen L.A. ACS Appl. Mater. Interfaces 2014, 6,
3712-3720. Copyright 2014 American Chemical Society. (See Appendix E for the copyright
letter)
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Figure 1.26: COSY NMR of trans-19 in CDCl3:CS2 at room temperature. (Note: the specific
enantiomer shown is only one of the two possible cis derivatives.) Adapted with permission from
Hosseini, M.; Rivera-Nazario, D.M.; Echegoyen L.A. ACS Appl. Mater. Interfaces 2014, 6,
3712-3720. Copyright 2014 American Chemical Society. (See Appendix E for the copyright
letter)

Figure 1.27: NOESY NMR of trans-19 in CDCl3:CS2 at room temperature. (Note: the specific
enantiomer shown is only one of the two possible cis derivatives.) Adapted with permission from
Hosseini, M.; Rivera-Nazario, D.M.; Echegoyen L.A. ACS Appl. Mater. Interfaces 2014, 6,
3712-3720. Copyright 2014 American Chemical Society. (See Appendix E for the copyright
letter)
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cis-19: Rf = 0.39 (silica gel, toluene); 1H NMR (600 MHz, CDCl3) δ (ppm): 7.63 (d, J =
8.7 Hz, 2H), 7.22 – 7.18 (m, 4H), 7.08 (d, J = 8.7 Hz, 2H), 6.99 (dd, J = 15.7, 7.6 Hz, 6H), 5.79
(s, 1H), 5.01 (dd, J = 10.4, 2.7 Hz, 1H), 3.25 – 2.98 (m, 4H), 2.69 – 2.61 (m, 1H), 1.70 (t, J = 8.0
Hz, 1H); 13C NMR (151 MHz, CDCl3:CS2) δ (ppm): 153.60, 153.45, 153.26, 152.96, 147.90,
147.31, 147.12, 147.09, 146.65, 146.43, 146.30, 146.20, 146.19, 146.18, 146.14, 146.02, 145.94,
145.88, 145.86, 145.60, 145.48, 145.37, 145.32, 145.29, 145.14, 145.10, 144.60, 144.49, 144.31,
144.23, 143.17, 142.99, 142.68, 142.65, 142.60, 142.47, 142.32, 142.18, 142.10, 142.02, 141.99,
141.86, 141.65, 141.61, 140.13, 140.02, 139.67, 139.41, 137.00, 136.25, 136.06, 135.67, 130.76,
129.31, 129.07, 124.41, 123.40, 123.11, 78.79, 77.16, 76.28, 75.79, 70.56, 37.44, 23.81; UV-Vis
λmax (nm): 308, 430; MALDI-TOF MS: calcd. 1067.16 [M + H]+, found 1067.17 [M + H]+. Anal.
calcd for C82H22N2S: C, 92.29; H, 2.08; N, 2.63; S, 3.00. Found: C, 91.44; H, 2.04; N, 2.50; S,
3.01.

Figure 1.28: 1H NMR of cis-19 in CDCl3:CS2 at room temperature. (Note: the specific
enantiomer shown is only one of the two possible cis derivatives.) Adapted with permission from
Hosseini, M.; Rivera-Nazario, D.M.; Echegoyen L.A. ACS Appl. Mater. Interfaces 2014, 6,
3712-3720. Copyright 2014 American Chemical Society. (See Appendix E for the copyright
letter)
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Figure 1.29: 13C NMR of cis-19 in CDCl3:CS2 at room temperature. (Note: the specific
enantiomer shown is only one of the two possible cis derivatives.) Adapted with permission from
Hosseini, M.; Rivera-Nazario, D.M.; Echegoyen L.A. ACS Appl. Mater. Interfaces 2014, 6,
3712-3720. Copyright 2014 American Chemical Society. (See Appendix E for the copyright
letter)

Figure 1.30: COSY NMR of cis-19 in CDCl3:CS2 at room temperature. (Note: the specific
enantiomer shown is only one of the two possible cis derivatives.) Adapted with permission from
Hosseini, M.; Rivera-Nazario, D.M.; Echegoyen L.A. ACS Appl. Mater. Interfaces 2014, 6,
3712-3720. Copyright 2014 American Chemical Society. (See Appendix E for the copyright
letter)
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Figure 1.31: NOESY NMR of cis-19 in CDCl3:CS2 at room temperature. (Note: the specific
enantiomer shown is only one of the two possible cis derivatives.) Adapted with permission from
Hosseini, M.; Rivera-Nazario, D.M.; Echegoyen L.A. ACS Appl. Mater. Interfaces 2014, 6,
3712-3720. Copyright 2014 American Chemical Society. (See Appendix E for the copyright
letter)

Preparation of self-assembled monolayers on Au surfaces. Gold on silicon substrates
with a thickness of 100 nm Au over chromium were purchased from Sigma-Aldrich. Substrates
were cleaned prior to SAM formation using sonication with DI water, isopropanol and acetone,
15 minutes each. After drying with a flow of N2 gas, the substrates were left under vacuum for 1
h at 50 °C. The cleaned Au electrodes were immersed for 48 h in a 4 mM ethanol/toluene (1:3)
solution of the desire dyad, unless stated otherwise. The substrates were rinsed with ethanol and
toluene to remove non-adsorbed molecules from the surface and dried under a nitrogen gas flow
and then stored under vacuum at 50 °C before electrochemical measurements. QCM
measurements were used to determine the coverage extent and the amount of material deposited
on the surface of the gold-coated quartz crystals. A QCM200 Digital Controller and QCM25
5MHz Crystal Oscillator from Stanford Research Systems (SRS) were used. 5 MHz, 1" diameter,
AT-cut quartz crystal wafer (Cr/Au) with circular electrodes on both sides were purchased from
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SRS. The gold-coated crystals were sonicated in DI water, isopropanol and acetone for 5 min
each and dried with N2 gas before use. Liquid immersion was the selected technique for the
measurements. A crystal holder containing a clean gold-coated quartz crystal was immersed in a
jacketed beaker containing anhydrous toluene. The temperature was kept at 25.0 ± 0.1 °C during
all experiments. A baseline in pure toluene was established before adding the corresponding
compounds.

Electrochemical Measurements. All electrolyte solutions for electrochemical
measurements were prepared with DI water and purged with Ar before measurements were made
unless stated otherwise. Electrochemical impedance spectroscopy (EIS) and cyclic voltammetric
(CV) measurements were conducted using a three-electrode configuration at room temperature.
A coiled platinum mesh, a Ag/AgNO3 non-aqueous electrode separated by a vycor tip, and a
modified gold substrate were used as counter, reference, and working electrodes, respectively,
unless stated otherwise. All electrode (redox) potentials were referenced to the Ag/Ag+ electrode
and to the redox couple Fc/Fc+. Electrochemical experiments were performed with a CHI-660A
electrochemical workstation. Impedance measurements were performed in a 0.1 M NaPF6
solution containing equal concentrations of Ru(NH3)62+/3+ and Fe(CN)63-/4- (~1 mM). The
frequency range used was 104 Hz to 0.1 Hz with an AC amplitude of 5 mV. EIS data were
analyzed by the Equivalent Circuit Simulation program included in the CHI-660A software
package. A QCM Entela UVGL-58 Handheld UV lamp (254/365 nm/6 W/0.12 Amps) was used
for UV illumination at 365 nm. The electrochemical desorption experiments were conducted in a
0.5 M KOH solution purged with Ar for 25 minutes.

Contact Angle Measurements. The contact angles of water were measured using a
Ramé-Hart model 250 goniometer using pure deionized water at room temperature with a
relative humidity at a constant volume of 5 μL. A total of ten static measurements were analyzed
and averaged for each self-assembled monolayer.
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Figure 1.32: Synthesis of TPA-C60 dyad trans-19 and cis-19. Adapted with permission from
Hosseini, M.; Rivera-Nazario, D.M.; Echegoyen L.A. ACS Appl. Mater. Interfaces 2014, 6,
3712-3720. Copyright 2014 American Chemical Society. (See Appendix E for the copyright
letter)

Synthesis of TPA-C60-thiol. The one-step synthetic procedure for the preparation of the
thiol functionalized TPA-C60 dyad 19 is presented in Figure 1.32. Treatment of C60 in
chlorobenzene with DL-homocysteine and 4-(diphenylamino)benzaldehyde afforded a mixture of
diastereomers; trans-19 and cis-19 (this nomenclature should not be confused with the
nomenclature used for C60 bis-adduct). The compounds were characterized by 1H NMR,

13

C

NMR, COSY, NOESY, MALDI-TOF MS, cyclic voltammetry and UV-Vis. Although four
diastereomers are possible (see Figure 1.32), based on 2D NMR experiments (Figure 1.26-27 and
1.30-31), trans- and cis- structures were assigned, but not specific enantiomers. The synthesis of
TPA-C60 dyad 26 (Figure 1.33) was performed following the procedure previously reported by
Pinzón et al.113 Dyad 19 is a newly synthesized dyad but conceptually similar ones reported in
the literature could in principle work in a similar fashion.102,103,114-116
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Figure 1.33: Synthesized fullerene-based dyads for SAMs formation. (Note 1: four
diastereomers (red font) are possible. A trans and cis classification is used to refer to the possible
diastereomers, see above. It was possible to assign trans and cis compounds using NOESY NMR
spectra (see below) but no specific enantiomers were assigned. Note 2: trans-1 was not used for
SAM formation). Adapted with permission from Hosseini, M.; Rivera-Nazario, D.M.;
Echegoyen L.A. ACS Appl. Mater. Interfaces 2014, 6, 3712-3720. Copyright 2014 American
Chemical Society. (See Appendix E for the copyright letter)

Preparation of SAMs on Au surfaces. The general procedure for the preparation of the
self-assembled monolayers was described above. A pictorial representation of the modified Au
substrate with cis-19 is depicted in Figure 1.34, as SAM 1. The same procedure was followed to
form a SAM of dyad 26 on the surface of Au, SAM 2 (Figure 1.34). The Mirkin group used a
similar process to form a fullerene SAM on a Au surface.117 For the preparation of TPA-C60,
SAM 3, two steps were required (Figure 1.34). In the first step the clean Au substrate was soaked
in a 4 mM ethanolic solution of 4-aminothiophene for 3 days in order to ensure the formation of
a densely packed monolayer (SAM 3a). This modified substrate was rinsed with ethanol and
dried under a nitrogen flow followed by vacuum drying. In the second step, the substrate with
SAM 3a was soaked in a 4 mM toluene solution of dyad 26 for 3 days, while refluxing under
N2.118 The Au modified electrode was then rinsed and dried as described above (SAM 3b).
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Figure 1.34: Pictorial representation of the self-assembled monolayers on Au surfaces.
Adapted with permission from Hosseini, M.; Rivera-Nazario, D.M.; Echegoyen L.A. ACS Appl.
Mater. Interfaces 2014, 6, 3712-3720. Copyright 2014 American Chemical Society. (See
Appendix E for the copyright letter)

Characterizations
C60-based dyads trans-19 and cis-19. trans-19 and cis-19 were characterized by cyclic
voltammetry (Figure 1.35). The cyclic voltammogram of cis-1 in 0.1 M of TBAPF6/CH2Cl2
solution at a scan rate of 100 mV/s shows three reversible reduction peaks at -1.18, -1.57 and 2.07 V referenced to the redox couple Fc/Fc+, corresponding to the reduction of the fullerene,
and three irreversible oxidations at +0.47, +0.62 and +0.85 V corresponding to the –SH group,
retro-cycloaddition119 and the TPA group, respectively. Although we are not certain, we assign
the peak at +0.47 V to the oxidation of the –SH group. Based on the work of Han, et al.120 it is
difficult to detect cysteine oxidation using bare GC electrodes, but the presence of C60 has been
shown to improve its detection,121 so we tentatively assign the +0.47 V oxidation peak to the –SH
group.
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Figure 1.35: Cyclic voltammogram of cis-1 in 0.1 M of TBAPF6/CH2Cl2 solution at a scan rate
of 100 mV/s. Working electrode glassy carbon, silver wire as pseudo-reference and platinum as
counter electrode. Potentials are referenced to the redox couple ferrocene/ferrocenium (Fc/Fc+).
(Note: the specific enantiomer shown is only one of the two possible cis derivatives) Adapted
with permission from Hosseini, M.; Rivera-Nazario, D.M.; Echegoyen L.A. ACS Appl. Mater.
Interfaces 2014, 6, 3712-3720. Copyright 2014 American Chemical Society. (See Appendix E
for the copyright letter)

Self-Assembled Monolayers. Contact angle measurements are often used to study the
wetting properties of a surface to reflect its hydrophobicity.122 Self-assembled monolayers of
organic materials at a surface decrease wettability while lowering the surface free energy. Table
1.6 shows the water contact angles for the self-assembled monolayers studied. The higher
contact angles that the monolayers exhibit relative to those of a clean gold substrate suggests the
formation of a more hydrophobic surface as expected (see Figure 1.36). The higher contact angle
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of SAM 1 (97°) compared to SAM 2 (82°) and 3b (83°) can be explained by different molecular
orientations of the films. In SAM 1, the presence of S-Au interactions orients the molecules in
such a way that the fullerene and TPA moieties are exposed to the liquid-solid interface. The
contact angle of this monolayer is comparable to those reported by Honciuc et al. for TPA-based
fullerene compounds (Θ = 93° and 76° for fullerene and triphenylamine exposed moieties to the
liquid-solid interface, respectively).123 Additionally, the formation of SAM 3b was evidenced by
the difference in contact angles between SAM 3a and 3b. SAM 3a exhibits a lower contact angle
as expected for an amine-terminated monolayer that can undergo hydrogen bonding with water,
therefore, increasing wettability. The SAM 3b contact angle is comparable to those of SAM 1
and SAM 2 which possess fullerene-based monolayers.

Figure 1.36: Contact angle images before and after monolayer treatment of cis-19 (SAM 1)
and 26 (SAM 2 and 3b). Adapted with permission from Hosseini, M.; Rivera-Nazario, D.M.;
Echegoyen L.A. ACS Appl. Mater. Interfaces 2014, 6, 3712-3720. Copyright 2014 American
Chemical Society. (See Appendix E for the copyright letter)
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Table 1.6: Water contact angle measurements before and after monolayer treatment. Adapted
with permission from Hosseini, M.; Rivera-Nazario, D.M.; Echegoyen L.A. ACS
Appl. Mater. Interfaces 2014, 6, 3712-3720. Copyright 2014 American Chemical
Society. (See Appendix E for the copyright letter)
Water contact
angle (deg)
62.94 ± 0.16°
96.76 ± 0.17°
82.42 ± 0.43°
66.59 ± 1.66°
82.53 ± 0.41°

Substrate
Clean Au
SAM 1
SAM 2
SAM 3a
SAM 3b

All SAMs were probed for their passivating ability towards Fe(CN)63-/4- and Ru(NH3)62+/3+
as shown in Figures 1.37. An unmodified gold electrode was also studied as a control which
shows reversible behavior for the Fe(CN)63-/4- and Ru(NH3)62+/3+ redox couples. In all cases there
is an almost quantitative suppression of the observed currents of the two electroactive probe ions,
but SAM 3a is less effective than the other monolayers in blocking the electroactivity of the
probes. This could be due to a less densely packed SAM in the case of SAM 3a or to a more
effective electron transfer across the SAM.

Figure 1.37: Cyclic Voltammograms of (a) Fe(CN)63-/4- and (b) Ru(NH3)62+/3+ in 0.1 M aqueous
NaPF6 on non-modified and modified Au electrode surfaces. Adapted with permission from
Hosseini, M.; Rivera-Nazario, D.M.; Echegoyen L.A. ACS Appl. Mater. Interfaces 2014, 6,
3712-3720. Copyright 2014 American Chemical Society. (See Appendix E for the copyright
letter)
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To quantify the surface coverage by the fullerene-based dyads, quartz crystal
microbalance (QCM) measurements were performed to detect the small mass changes that occur
at the surface as a function of time. The QCM profiles of SAMs 1-3 show that no frequency
change is observed in pure toluene at 25 °C, and after the addition of aminothiophenol or the
dyad solution, the resonant frequencies decrease (Figure 1.38). The changes in frequency
correspond to the adsorption of 1.18 Î10-10, 0.82 Î10-10 and 2.7 Î10-10 for SAM 1, 2, and 3a,
respectively. These values are relatively close to reported values for related compounds, 2.0
Î10-10 mol/cm2 for C60,124 1.6 Î10-10 mol/cm2 for ferrocene-C60,114 and 7.4 Î10-10 mol/cm2 for
alkanethiol.125 cis-19 shows better coverage for Au than the others.

Figure 1.38: Resonance frequency changes of Au quartz crystal during the formation of the
SAMs. Reprinted with permission from Hosseini, M.; Rivera-Nazario, D.M.; Echegoyen L.A.
ACS Appl. Mater. Interfaces 2014, 6, 3712-3720. Copyright 2014 American Chemical Society.
(See Appendix E for the copyright letter)

The fact that the TPA-C60 dyad with the thiol group, cis-19, shows better packing than 4aminothiophenol, could be related to the attraction between the fullerenes, which helps the
formation of a more densely packed film, compared to the simple 4-aminothiophenol compound.
QCM, CV and contact angle measurements confirm the formation of SAMs on the Au surface.
However, these techniques do not provide information about the binding of the SAM to the Au
surface. Many groups have studied the formation of thiol-based SAMs of fullerenes or fullerene
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derivatives on various substrates, particularly on Au surfaces, but little attention has been paid to
the C60-C60 or Au-C60 interaction, which can be in competition with Au-S interaction.103,113,114,117,124
The X-ray photo electron (XPS) study of Shirai et al. with thiol-based SAMs of fullerenes shows
that since the Au-S bond strength is similar to that of the fullerene on gold, and also because of
the tendency of fullerenes to form clusters, some thiol groups may not bind to the gold surface.126
Electrochemical desorption of the thiol groups in KOH solutions was also used to
evaluate the surface coverage of the SAMs.127 Electrochemical desorption experiments were
performed using 0.5 M KOH for SAM 1 and 3a. The SAM-modified gold electrodes were
immersed into a thoroughly Ar degassed KOH solution for 25 min. Cathodic sweeps of the
modified gold electrodes between -0.2 and -1.35 V using a scan rate of 100 mV/s exhibit an
irreversible wave around -0.9 V (Figure 1.39). This peak is attributed to the desorption of the
surface-attached thiolates. A similar shape and position of the desorption peak was reported
previously for thioctic acid and thiolates.127-129 Integration of the current under the desorption
peak leads to values of 1.9 Î 10–10 and 3.8 Î 10-10 mol/cm2 for SAM 1 and 3a, respectively,
which are in agreement with the values obtained from the QCM measurements. However, there
is a slight difference between the QCM results and those from KOH desorption measurement
values. These small differences could reflect the adsorption lengths, which are very different for
both experiments. The elapsed times in the QCM experiments are significantly short (minutes)
when compared to the time for SAMs formed on Au/Cr substrates (hours). After SAM removal,
CV measurements showed reversible behavior for the probe ions, thus confirming the
quantitative removal of the monolayers.
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Figure 1.39: Electrochemical desorption of SAM 1 and 3a on Au in 0.5 M KOH solution.
Reprinted with permission from Hosseini, M.; Rivera-Nazario, D.M.; Echegoyen L.A. ACS
Appl. Mater. Interfaces 2014, 6, 3712-3720. Copyright 2014 American Chemical Society. (See
Appendix E for the copyright letter)

The resistance to charge transfer of the SAM-modified Au surfaces was also probed
using electrochemical impedance spectroscopy in the presence of Fe(CN)63-/4- and Ru(NH3)62+/3+.
Electrochemical impedance is useful to determine resistances, capacities, and diffusion
contributions. The impedance Nyquist plots for all Au modified SAMs are presented in Figure
1.40. All curves exhibit a semicircular loop in the high-frequency region, followed by a linear
portion at low-frequencies, indicating diffusion processes for some of them. The charge transfer
process between the electrode and the charged redox couple in solution can be analyzed using
the equivalent circuit model that reflects the real electrochemical processes using a fitting
procedure (Figure 1.41).
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Figure 1.40: Impedance responses of (a) Fe(CN)63-/4- and (b) Ru(NH3)62+/3+ for SAM 1, 2 and
3b. Adapted with permission from Hosseini, M.; Rivera-Nazario, D.M.; Echegoyen L.A. ACS
Appl. Mater. Interfaces 2014, 6, 3712-3720. Copyright 2014 American Chemical Society. (See
Appendix E for the copyright letter)

Figure 1.41: Designed equivalent circuit. Adapted with permission from Hosseini, M.; RiveraNazario, D.M.; Echegoyen L.A. ACS Appl. Mater. Interfaces 2014, 6, 3712-3720. Copyright
2014 American Chemical Society. (See Appendix E for the copyright letter)

The equivalent circuit was fitted with Randal’s model, which includes an ohmic solution
resistance between the SAM-modified Au electrode and the reference electrode, Rs, in series
with a circuit representing the SAM/solution interface. This circuit consists of a charge-transfer
resistance between the SAM and the solution, Rct, which is in parallel with a constant phase
element, CPE, and in series with a Warburg diffusion element, W, typically resulting from
solution redox species penetrating through pinholes or from defects present in the monolayer.
The CPE might be associated with the double layer capacitance at the interface between the
SAM and the electrolyte solution. Table 1.7 presents the equivalent circuit element values
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obtained by fitting the experimental values for unmodified and modified gold surfaces with
different SAMs in the presence of Fe(CN)63-/4- and Ru(NH3)62+/3+.

Table 1.7: Charge-transfer resistance of Fe(CN)63-/4- and Ru(NH3)62+/3+on SAM 1, 2 and 3b with
and without UV illumination. Reprinted with permission from Hosseini, M.;
Rivera-Nazario, D.M.; Echegoyen L.A. ACS Appl. Mater. Interfaces 2014, 6, 37123720. Copyright 2014 American Chemical Society. (See Appendix E for the
copyright letter)

SAM 1
SAM 2
SAM 3b

Rct (Ω cm2) for
Fe(CN)63-/4No UV
UV
light
light
3.8Î104 2.6Î104
1.6Î104 1.4Î104
2.2Î104 1.6Î104

Rct (Ω cm2) for
Ru(NH3)62+/3+
No UV
UV
light
light
1.9Î104 2.5Î104
0.8Î104 1.1Î104
1.1Î104 1.3Î104

The modification results in an increase in charge-transfer resistance (RCT) for Fe(CN)63-/4from 0.55 Ω cm2, for the unmodified gold, to 3.8Î104, 1.6Î104 and 2.2Î104 Ω cm2 for SAM 1,
2 and 3b, respectively. On the other hand, the RCT for Ru(NH3)62+/3+ increases from 0.33 Ω cm2 to
1.9Î104, 0.8Î104 and 1.3Î104 Ω cm2 for SAMs 1, 2 and 3b, respectively (Table 1.7). SAM 1
exhibits the largest charge-transfer resistance, likely indicating a better packed monolayer for
this compound, confirming the QCM results. The charge-transfer resistance for Fe(CN)63-/4- and
Ru(NH3)62+/3+ decreases in the order: SAM 1>SAM 3b>SAM 2. This was the anticipated result in
view of the fact that no S-Au interactions exist for SAM 2, and SAM 1 possesses well defined
thiol containing molecular structures that do not rely on non-controlled interfacial reactions as
for SAM 3b. The equivalent circuit fitting analysis for all impedance plots showed that
Ru(NH3)62+/3+ always exhibits lower charge-transfer resistances and larger Warburg impedances
than Fe(CN)63-/4-. Similar behavior has been previously observed and ascribed to different factors
such as fast homogeneous electron self-exchange kinetics for Ru(NH3)62+/3+, which can lead to
relatively rapid interfacial electron-transfer kinetics at a SAM-modified electrode.130 It has also
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been reported that the slower electron-transfer rate in the case of Fe(CN)63-/4- is due to the higher
charge.129 Alternatively, Ganesh and Lakshminarayanan explained these differences between the
probe ions invoking a tunneling effect for Ru(NH3)62+/3+. Blumberger and Sprik reported that the
electron transfer reaction for Ru(NH3)62+/3+ is an outer sphere reaction in which the redox species
exchanges electron through a bridge without penetrating the layer.131
After establishing the impedance behavior of the different SAMs, we performed similar
experiments in the presence of UV irradiation. We monitored the same electrodes in the presence
of UV light using both Fe(CN)63-/4- and Ru(NH3)62+/3+ as electrochemical probes. The impedance
responses for SAMs 1, 2 and 3b in the presence and absence of UV light are presented in Figure
1.42.
Upon illumination, the electrode surfaces showed a significant decrease in the value of
Rct for all SAMs in the presence of Fe(CN)63-/4-, and a corresponding increase for Ru(NH3)62+/3+
(Table 1.7). These results clearly indicate the development of positive charge on the surfaces
upon UV irradiation. The increases in RCT in the case of Ru(NH3)62+/3+ result from the electrostatic
repulsion between the positively charged probe and the positively charged SAM surface. In the
same way, the electrostatic attraction between the negatively charged probe Fe(CN)63-/4- and the
positively charged SAM surface results in a higher local concentration of the redox probe that
facilitates electron transfer. This phenomenon results from the photo-induced intramolecular
charge transfer processes for these dyads (D+-A-). Upon photo-excitation, intramolecular electron
transfer from the donor, TPA, to the acceptor, C60, yields the charge-separated states.
Although it is possible to oxidize thiol groups in the presence of UV illumination,132 in
our case no such processes were observed since KOH desorption was performed after the UV
irradiation experiments for SAM 1 and 3b, and the values are in agreement with those performed
by the QCM measurements.
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Figure 1.42: Nyquist plots of self-assembled monolayers of cis-19 and 26 in the presence of
(a) Fe(CN)63-/4 and (b) Ru(NH3)62+/3+. Adapted with permission from Hosseini, M.; RiveraNazario, D.M.; Echegoyen L.A. ACS Appl. Mater. Interfaces 2014, 6, 3712-3720. Copyright
2014 American Chemical Society. (See Appendix E for the copyright letter)

Conclusion. In this work we described a simple one step synthesis of a thiol
functionalized TPA-C60 dyad. Three SAMs of TPA-C60 compounds with different anchors were
prepared on Au surfaces and their electrochemical and charge separation properties were
investigated using CV, QCM, and electrochemical impedance spectroscopy. Contact angle and
electrochemical impedance measurements in the presence of both negative and positive ion
probes show that all SAMs form a relatively well packed film on the Au surfaces. Although
SAM 1 is likely a mixture of enantiomers, it was the most densely packed. In future work, it
would be interesting to prepare enantiomerically pure fullerene-based self-assembled monolayers
and study their packing characteristics as well as their effect on charge separation efficiencies
upon irradiation. Although triphenylamines are known to have limited light absorptivity, mainly
in the UV region of the spectrum, the impedance response of Fe(CN)63-/4- and Ru(NH3)62+/3+ in the
presence and absence of UV light, clearly show that light absorption was sufficient to generate
polarized SAMs with positively charged surfaces. We are currently working with porphyrin-

68

fullerene dyad SAMs with higher light absorptivity on transparent conductive oxide electrodes in
order to increase the efficiencies and charge polarization. Given that these SAMs absorb a
minimal amount of the solar radiation, no adverse effects on the absorption by the photoactive
layers are anticipated.
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1.3.1.2 Synthesis of fullerene-based dyads and triads for hole blocking/electron transporting
interfacial layers
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Figure 1.43: Synthetic route for the preparation of TPA-ZnPor-C60 triad 22. (i: TFA, CHCl3, rt,
24h/DDQ, 18h; ii: Zn(OAc)2·2H2O, MeOH:CHCl3, rt, 5 h; iii: DIBAL-H, CH2Cl2, 0 °C; iv: C60,
Sarcosine, o-DCB, rf)

Synthesis

of

5-(4-diphenylamino)phenyl,15-benzonitrile-Zn(II)-porphyrin

(20).

Reaction and chromatographic conditions were similar to those used to prepare 3 and afforded
the desired compound 20 (0.305 g, 12%). 1H NMR (600 MHz, Acetone-d6, 298K) δ (ppm):
10.41 (s, 2H), 9.52 (d, J = 4.2 Hz, 4H), 9.20 (d, J = 4.2 Hz, 2H), 8.99 (d, J = 4.2 Hz, 2H), 8.45
(d, J = 8.0 Hz, 2H), 8.24 (d, J = 7.9 Hz, 2H), 8.15 (d, J = 8.2 Hz, 2H), 7.50 – 7.45 (m, 4H), 7.43
(dd, J = 8.7, 1.3 Hz, 4H), 7.20 – 7.14 (m, 4H). UV-Vis (CHCl3), λmax (nm): 283, 300, 386, 409,
538, 571, 628. MALDI-TOF MS (m/z): calcd. 716.167 [M + H]+, found 716.441 [M + H]+.

Synthesis of 5-(4-diphenylamino)phenyl,15-formyl-Zn(II)-porphyrin (21). To a threeneck round bottom flask was transferred compound 20 (0.100 g, 0.14 mmol) dissolved in 100
mL anhydrous CH2Cl2. The solution was cooled down to 0 °C using an ice bath and DIBAL-H
(0.05 mL, 0.27 mmol) was added dropwise. The reaction was stirred for 30 min at 0 °C and then
at room temperature overnight. After the disappearance of the starting material monitored by
TLC, NH4Claq was added to the reaction mixture and it was stirred for an additional three hours.
The organic phase was then separated and washed with brine (2 x 50 mL). The organic phase
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was dried over Na2SO4 and concentrated under reduced pressure. Column chromatography using
silica gel and CH2Cl2 as eluent afforded the desired product 21 (0.090 g, 90%). 1H NMR (600
MHz, CDCl3, 298K) δ (ppm): 10.26 (s, 1H), 10.06 (s, 2H), 9.26 (d, J = 4.5 Hz, 2H), 9.22 (d, J =
4.5 Hz, 2H), 9.13 (d, J = 4.3 Hz, 2H), 8.87 (d, J = 4.3 Hz, 2H), 8.27 (d, J = 7.8 Hz, 2H), 8.20 (d,
J = 7.8 Hz, 2H), 7.99 (d, J = 8.2 Hz, 2H), 7.42 (d, J = 8.3 Hz, 2H), 7.40 – 7.35 (m, 8H), 7.10 (dq,
J = 8.3, 2.6 Hz, 3H). UV-Vis (CHCl3), λmax (nm): 306, 409, 539, 576. MALDI-TOF MS (m/z):
calcd. 719.166 [M + H]+, found 719.863 [M]+.

Synthesis

of

5-(4-diphenylamino)phenyl,15-fulleropyrrolidine[60]-Zn(II)-porphyrin

(22). The general procedure for 1,3-dipolar cycloaddition reactions was followed.133 C60 (0.023 g,
0.03 mmol), sarcosine (0.009 g, 0.10 mmol) and compound 21 (0.015 g, 0.02 mmol) were added
to a two-neck round bottom flask followed by 10 mL of Tol:o-DCB (4:1). The mixture was
heated to reflux for 12 h. After this time the solvent was removed under reduced pressure and the
resulting crude mixture was chromatographed using silica gel with CS2 to elute unreacted C60 and
then CHCl3 to elute the desired triad 22 (0.019 g, 66%). 1H NMR (600 MHz, CD2Cl2) δ (ppm):
10.31 (s, 2H), 9.47 (d, J = 4.4 Hz, 2H), 9.41 (bs, 2H), 9.26 (d, J = 4.3 Hz, 2H), 8.26 (bs, 2H),
8.08 (d, J = 8.2 Hz, 2H), 7.80 (d, J = 8.3 Hz, 1H), 7.71 (d, J = 8.7 Hz, 1H), 7.46 (d, J = 8.2 Hz,
2H), 7.20 (d, J = 8.7 Hz, 4H), 7.16 – 7.09 (m, 6H), 6.70 (d, J = 8.5 Hz, 2H), 3.85 (s, 1H), 3.60 (s,
2H), 1.98 (s, 3H). UV-Vis (CHCl3), λmax (nm): 232, 257, 329, 415, 545, 584; MALDI-TOF MS
(m/z): calcd. 1466.214 [M]+, found 1467.245 [M + H]+.
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Figure 1.44: Synthetic route for the preparation of TPA-ZnPor-C60 25. (i: TFA, CHCl3, rt,
24h/DDQ, 18h; ii: Zn(OAc)2·2H2O, MeOH:CHCl3, rt, 5 h; iii: 4-iodo-N,N-diphenylaniline, 4iodobenzaldehyde, Ph3As and Pd(dba)2, TEA, THF, rf; iv: C60, Sarcosine, o-DCB, rf)

Synthesis

of

5,15-(4-ethynylphenyl)-Zn(II)-porphyrin

(23).

The

reaction

and

chromatographic conditions were similar to those used to prepare 3, and afforded the desired
compound 23 (0.190 g, 10%). 1H NMR (600 MHz, CDCl3) δ (ppm): 10.33 (s, 2H), 9.40 (d, J =
4.3 Hz, 4H), 9.06 (d, J = 4.2 Hz, 4H), 8.24 (d, J = 8.1 Hz, 3H), 7.94 (d, J = 7.7 Hz, 4H), 3.34 (s,
1H). UV-Vis (CHCl3), λmax (nm): 307, 388, 409, 538, 572. MALDI-TOF MS (m/z): calcd.
572.098 [M]+, found 572.022 [M]+.

Synthesis

of

5-(N,N-diphenyl-4-(phenylethynyl)aniline),15-(4-

(phenylethynyl)benzaldehyde)-Zn(II)-Porphyrin (24). To a three-neck round bottom flask were
added compound 23 (0.097g, 0.19 mmol), 4-iodo-N,N-diphenylaniline (0.035 g, 0.094 mmol), 4iodobenzaldehyde (0.022 g, 0.094 mmol), Ph3As (0.010 g, 0.032 mmol) and Pd(dba)2 (0.005 g,
0.009 mmol) followed by 20 mL of THF. The resulting mixture was degassed with N2 (g) for 20
minutes, triethylamine (1 mL, 0.07 mmol) was added and the reaction refluxed overnight with
stirring. After this time, the solvent was removed under reduced pressure, dissolved in CH2Cl2
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and extracted with DI H2O (2 x 25 mL) and NH4Claq (2 x 25 mL). The organic phase was dried
over Na2SO4 and concentrated under reduced pressure. Column chromatography using silica gel
and CHCl3:Tol (1:1) afforded the desired product 24 (11.6 mg, 7%). MALDI-TOF MS (m/z):
calcd. 919.229 [M + H]+, found 920.016 [M + H]+.

Synthesis

of

5-(N,N-diphenyl-4-(phenylethynyl)aniline),15-(4-

(phenylethynyl)fulleropyrrolidine (25). The reaction and chromatographic conditions were
similar to those used to prepare 22, and afforded the desired compound 25. UV-Vis (THF), λmax
(nm): 283, 305, 409, 539, 575. MALDI-TOF MS (m/z): calcd. 1666.276 [M]+, found 1668.796
[M + H]+.

1.3.2

Characterization of HB/ET self-assembled monolayers
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Figure 1.45: Triphenylamine fullerene-based dyads for self-assembly on Au surfaces.
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The self-assembly procedure for compounds 22 and 25 are reported in the literature.24
Electrochemical impedance spectroscopy (EIS) was used to study the photo-switched properties
of 22 and 25, and to demonstrate the generation of charges at the surface of the modified
electrodes. The almost linear behavior for the self-assembled monolayers of 22 and 25 (Figure
1.46b) in the presence of the positively charged redox probe Ru(NH3)62+/3+ is attributed to the
previously studied fast homogeneous electron self-exchange kinetics, a behavior that can lead to
rapid interfacial electron-transfer at a SAM-modified electrode.134 Additionally, it is possible to
have a tunneling effect where electron hoping through the π-system of the monolayer occurs.
Blumberger and Sprik reported that the electron-transfer process for Ru(NH3)62+/3+ occurs via the
exchange of electrons through a bridge without penetrating the layer.135 Furthermore, 22 and 25
possess larger conjugation systems compared to those of cis-19 and 26 that allow the redox
probes to reach the surface of the electrode more easily. This is even more pronounced in the
case of Ru(NH3)62+/3+ which can permeate much easily through the monolayer and reach the
electrode surface.

Figure 1.46: Nyquist plots of self-assembled monolayers of 22 and 25 in the presence of (a)
Fe(CN)63-/4 and (b) Ru(NH3)62+/3+.
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1.3.3 Synthesis of fullerene-based dyads for electron blocking/hole transporting interfacial
layers
Porphyrins are aromatic heterocyclic macrocycles that are highly conjugated and
therefore possess intense absorption bands in the visible region. Because of their intense
absorption they are frequently used as light harvesting compounds for solar cells. The possibility
of high functionalization of the porphyrin core and metalation allow for tuning their HOMOLUMO levels, an important characteristic for solar cell applications.
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Figure 1.47: Triphenylamine- and porphyrin-based fullerene dyads to be used as electron
blocking/hole transporting interfacial layers on ITO electrodes.

As discussed above, cell polarization with photo-switched interfacial layer comprised of
fullerene-based dyads is a potential approach to improve organic solar cell photoconversion
efficiencies by improving ohmic contacts and reducing possible short-circuits at the photoactive
layer/electrode interface that could harm charge collection. The interfacial layer of interest in this
section is an electron blocking/hole transporting (EB/HT) layer such as the one described in
Figure 1.23a. It is well known that –CO2H and –Si(OR)3 anchor on ITO surfaces by strong
adsorption and covalent bonding with the surface hydroxyl groups, respectively, to form selfassembled monolayers. Therefore, the design of porphyrin-fullerene as well as triphenylaminefullerene dyads containing these groups is crucial for proper monolayer formation. Figure 1.47
shows the target compounds for interfacial layers in organic photovoltaic cells.
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Figure 1.48: Synthetic route for the preparation of fullerene-based dyad 30. (i: TFA, CHCl3, rt,
24h/DDQ, 18h; ii: Zn(OAc)2·2H2O, MeOH:CHCl3, rt, 5 h; iii: KOH, 2-ethoxyethanol:THF:H2O,
rf; iv: NaIO4, OsO4, THF:H2O, rt; v: C60, Sarcosine, o-DCB, rf)

Synthesis of 5-benzonitrile,15-(4-vinylphenyl)-zinc-porphyrin (27). The reaction and
chromatographic conditions were similar to those used to prepare 3, and afforded the desired
compound 27 (0.347 g, 12 %). 1H NMR (600 MHz, CDCl3, 298K) δ (ppm): 10.35 (s, 2H), 9.47
(dd, J = 10.9, 4.5 Hz, 4H), 9.19 (d, J = 4.5 Hz, 2H), 9.02 (d, J = 4.3 Hz, 2H), 8.40 (d, J = 7.5 Hz,
2H), 8.23 (d, J = 7.8 Hz, 2H), 8.11 (d, J = 7.5 Hz, 2H), 7.86 (d, J = 7.5 Hz, 2H), 7.16 – 7.06 (m,
1H), 6.11 (d, J = 18.1 Hz, 1H), 5.53 (d, J = 11.0 Hz, 1H). UV-Vis λmax (nm): 308, 387, 409, 537,
572. MALDI-TOF MS (m/z): calcd. 575.109 [M]+, found 575.001[M]+.

Synthesis of 5-benzoic acid,15-(4-vinylpheneyl)-zinc-porphyrin (28). To a 250 mL
three-neck round bottom flask was transferred compound 27 (0.10 g, 0.17 mmol) dissolved in
100 mL of THF:2-ethoxyethanol:H2O (4:4:2). The mixture was heated to reflux and KOH (0.186
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g, 3.32 mmol) was added. The reaction was allowed to stir for approximately 48 h or until the
disappearance of the starting material was observed by TLC. After this time, the reaction was
allowed to cool down to room temperature and a solution of 1N HClaq was added dropwise until
acidic. The resulting mixture was extracted with CH2Cl2 (2 x 50 mL) and the combined organic
phases washed with H2Od several times. The washed organic phase was dried over Na2SO4 and
concentrated under reduced pressure. Flash chromatography using silica gel and CH2Cl2 as eluent
with a gradient of EtOH (9:1 to 1:1) afforded the desired product 28 (0.049 g, 49%). 1H NMR
(600 MHz, CDCl3, 289K) δ (ppm): 10.37 (s, 1H), 10.36 (s, 1H), 9.48 (dd, J = 11.0, 4.4 Hz, 4H),
9.20 (d, J = 4.2 Hz, 2H), 9.03 (d, J = 4.5 Hz, 2H), 8.40 (d, J = 7.8 Hz, 2H), 8.24 (d, J = 5.3 Hz,
2H), 8.12 (d, J = 7.6 Hz, 2H), 7.86 (d, J = 7.8 Hz, 2H), 7.16 – 7.09 (m, 1H), 6.11 (d, J = 17.8 Hz,
1H), 5.53 (d, J = 11.0 Hz, 1H). UV-Vis λmax (nm): 284, 312, 415, 545, 582. MALDI-TOF MS
(m/z): calcd. 594.103 [M]+, found 593.155 [M-H]+.

Synthesis of 5-benzoic acid,15-(4-benzaldehyde)-zinc-porphyrin (29). To a two-neck
round bottom flask was transferred compound 28 (0.050 g, 0.1 mmol) dissolved in 25 mL of
THF:H2O (4:1) followed by NaIO4 (0.040 g, 0.19 mmol) and OsO4 (4% wt in H2O, 6 μL, 0.038
mmol). The reaction was allowed to stir until the disappearance of the starting material
monitored by TLC. (57% yield). MALDI-TOF MS (m/z): calcd. 596.083 [M]+, found 595.961
[M]+.

Synthesis of 5-benzoic acid,15-(4-phenyl)fulleropyrrolidine-zinc-porphyrin (30). The
general procedure for 1,3-dipolar cycloaddition reactions was followed (0.018 g, 41%).133 1H
NMR (600 MHz, THF-d8) δ (ppm): 10.69 (s, 1H), 10.67 (s, 2H), 10.20 (s, 2H), 9.36 (d, J = 4.4
Hz, 2H), 8.99 (d, J = 4.2 Hz, 3H), 8.25 (d, J = 1.5 Hz, 7H), 7.77 (s, 1H), 6.85 (s, 2H), 5.42 (s,
1H), 5.21 (d, J = 8.5 Hz, 1H), 4.53 (d, J = 8.3 Hz, 1H). UV-Vis λmax (nm): 243, 414, 545.
MALDI-TOF MS (m/z): calcd. 1343.130 [M]+, found 1343.575 [M]+.
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Figure 1.49: Synthetic route for the preparation of fullerene-based dyads 33 and 34. (i: POCl3,
DMF, 80 °C; ii: 4-carboxylphenylboronic acid pinacol ester, Na2CO3, Pd(PPh3)4, THF:MeOH, rf;
iii/vi: C60, N-ethyl glycine, chlorobenzene, rf; iv/v: DCC, hydroxybenzotriazole, TEA, (3aminopropyl)triexthoxysilane, THF:CH2Cl2)

Synthesis of 4-((4-bromophenyl)(phenyl)amino)benzaldehyde (31). To a 50 mL threeneck round bottom was added 4-bromotriphenylamine (5.0 g, 15.42 mmol) followed by 25 mL
of DMF and POCl3 (12 mL, 128 mmol) under a nitrogen atmosphere. The reaction mixture was
heated to 80 °C while stirring overnight. The hot reaction mixture was poured into 1 L of H2O
and the resulting precipitate was filtered off and dissolved in CHCl3. The latter was extracted
with H2O and the organic phase dried over Na2SO4 and the solvent removed under reduced
pressure. Column chromatography using silica gel and CHCl3 as eluent afforded the desired
product 31 (4.35 g, 80%). 1H NMR (600 MHz, CDCl3) δ (ppm): 9.82 (s, 1H), 7.69 (d, J = 8.8
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Hz, 2H), 7.43 (d, J = 8.8 Hz, 2H), 7.37 – 7.31 (m, 2H), 7.18 (t, J = 7.6 Hz, 1H), 7.14 (s, 1H),
7.03 (dd, J = 8.7, 7.2 Hz, 4H).

Synthesis of 4'-((4-formylphenyl)(phenyl)amino)biphenyl-4-carboxylic acid (32). To a
50 mL two-neck round bottom flask were added compound 31 (0.10 g, 0.28 mmol), 4carboxylphenylboronic acid pinacol ester (0.103 g, 0.62 mmol) and Na2CO3 (0.071 g, 0.67
mmol) followed by 25 mL of THF:MeOH (4:1). The resulting mixture was degassed with N2 for
30 minutes. After this time, Pd(PPh3)4 (0.046 g, 0.04 mmol) was added and the reaction mixture
heated to reflux overnight. The reaction was allowed to cool down and it was dissolved in CHCl3
and extracted with NH4Cl (3 x 50 mL). The organic phase was dried over Na2SO4 and the solvent
removed under reduced pressure. Column chromatography using silica gel and Tol:EtOAc ( 4:1)
afforded the desire coupling product 32 (0.043 g, 20%). 1H NMR (600 MHz, CDCl3, 298K) δ
(ppm): 9.83 (s, 1H), 8.17 (d, J = 8.2 Hz, 2H), 7.71 (d, J = 8.8 Hz, 2H), 7.68 (d, J = 8.1 Hz, 2H),
7.60 (d, J = 8.3 Hz, 2H), 7.37 (t, J = 7.6 Hz, 2H), 7.26 – 7.17 (m, 7H), 7.10 (d, J = 8.5 Hz, 2H).
13

C NMR (151 MHz, CDCl3, 298K) δ (ppm): 190.62, 153.10, 146.57, 146.07, 145.50, 135.99,

134.83, 131.45, 130.91, 129.97, 129.72, 128.56, 126.84, 126.59, 126.00, 125.52, 120.28.
MALDI-TOF MS (m/z): calcd. 393.136 [M]+, found 392.941 [M]+.

Synthesis

of

4'-((4-N-ethyl-fulleropyrrolidine)phenyl)(phenyl)amino)biphenyl-4-

carboxylic acid (33). The general procedure for 1,3-dipolar cycloaddition reactions was followed
(0.011g, 15%).133 1H NMR (600 MHz, CDCl3:CS2, 298K) δ (ppm): 8.11 (d, J = 8.2 Hz, 2H), 7.63
(d, J = 8.3 Hz, 2H), 7.47 (d, J = 8.7 Hz, 2H), 7.25 (s, 5H), 7.15 (d, J = 8.3 Hz, 2H), 7.06 (dd, J =
8.4, 3.8 Hz, 4H), 7.05 – 7.01 (m, 1H), 5.10 (d, J = 9.4 Hz, 1H), 5.06 (s, 1H), 4.16 (d, J = 9.1 Hz,
1H), 3.47 (q, J = 7.1 Hz, 2H), 1.21 (d, J = 6.9 Hz, 3H). MALDI-TOF MS (m/z): calcd. 1154.199
[M]+, found 1155.347 [M+H]+.
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Synthesis

of

4'-((4-N-ethyl-fulleropyrrolidine)phenyl)(phenyl)amino)-N-(3-

(triethoxysilyl)propyl)biphenyl-4-carboxamide (34). To a three-neck round bottom flask was
added compound 33 (2 mg, 0.0017 mmol) dissolved in THF:CH2Cl2 followed by DCC (0.35 mg,
0.0017 mmol) and hydroxybenzotriazole (0.23 mg, 0.0017 mmol). The mixture was placed under
an inert N2 atmosphere and TEA (0.23 μL, 0.0017 mmol) was added followed by (3aminopropyl)triexthoxysilane (0.39 μL, 0.0017 mmol). The reaction was stirred for 24 h. After
this time the solvent was removed by evaporation and flash chromatographed using
CH2Cl2:MeOH (2%) to afford the desired product 34 (0.8 mg, 34%). MALDI-TOF MS (m/z):
calcd. 1357.334 [M]+, found 1356.456 [M-H]+.

Synthesis of 4'-((4-formylphenyl)(phenyl)amino)-N-(3-(triethoxysilyl)propyl)biphenyl4-carboxamide (35). The same procedure used to prepare 34 was followed to synthesize 35
(0.025g, 73%). 1H NMR (600 MHz, CDCl3:CS2, 298K) δ (ppm): 9.82 (s, 1H), 7.84 (d, J = 8.2
Hz, 1H), 7.70 (d, J = 8.6 Hz, 2H), 7.63 (d, J = 8.4 Hz, 2H), 7.57 (d, J = 8.7 Hz, 2H), 7.36 (dd, J =
8.5, 7.3 Hz, 2H), 7.23 (d, J = 8.7 Hz, 2H), 7.20 (d, J = 7.8 Hz, 3H), 7.08 (d, J = 8.7 Hz, 2H), 6.54
(t, J = 5.7 Hz, 1H), 3.83 (q, J = 7.0 Hz, 6H), 1.81 – 1.73 (m, 2H), 1.58 – 1.56 (m, 2H), 1.22 (t, J
= 6.9 Hz, 9H), 0.75 – 0.69 (m, 2H). MALDI-TOF MS (m/z): calcd. 596.271 [M]+, 596.429 found
[M]+.

Characterization of EB/HT self-assembled monolayers. The substrate cleaning and
general procedure for preparing the SAMs of compounds 30 and 33-35 is described in section
1.1.1, page 15. Contrary to self-assembled monolayers on gold electrodes, the semi-transparency
of indium-tin oxide coated glass electrodes permits the characterization of the SAMs and thin
films using optical techniques. Thus, to characterize the monolayers we utilized solid state UVVis and grazing angle Fourier transform infrared spectroscopy.
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Figure 1.50: Solid-state UV-vis spectrum of SAM-30 at room temperature.

The SAMs of 30 (SAM-30) on ITO were characterized by the aforementioned optical
techniques and electrochemical impedance spectroscopy. Figure 1.50 shows the solid state UVvis spectrum for SAM-30. The absorption bands corresponding to the porphyrin and C60 are
clearly observed, although with low absorption intensities. However, even though this technique
is useful to qualitatively confirm the presence and the amount of material deposited it does not
provide information about the packing or surface coverage of the monolayer. Therefore, EIS was
used to study the surface coverage and photo-switched behavior of 30 on the surface of ITO.
Figure 1.51 shows the Nyquist plots for SAM-30 in the presence of the charged redox probes
Ru(NH3)62+/3+ and Fe(CN)63-/4- in the dark and under illumination.

81

Figure 1.51: Nyquist plots of self-assembled monolayers of 30 in the presence of (a) Fe(CN)63/4
and (b) Ru(NH3)62+/3+.

As shown in Figure 1.51, the impedance behavior in the presence of both redox probes is
diffusion controlled, thus significant pinholes must be present across the monolayer. However,
looking closely at the resistance to charge transfer, it decreases after illumination in the presence
of Fe(CN)63-/4 and decreases in the presence Ru(NH3)62+/3+, as expected for the photoswitched
behavior of fullerene-based dyads. The construction of a bulk-heterojunction device with SAM30 resulted in a PCE of 0.55%, and the solar cell characteristics are summarized in Table 1.8.

Table 1.8: Cell characteristics of a BHJ with SAM-30 as the interfacial layer.
Interfacial
Layer
PEDOT:PSS
No IFL
SAM-30

Voc
(V)
0.503
0.564
0.239

Jsc
(mA/cm2)
17.2
7.03
6.58

Notes: Solar cell configuration: ITO/IFL/P3HT:PCBM/Ca/Al
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FF

η (%)

0.652
0.543
0.334

4.10
2.15
0.55

Because R–CO2H anchoring groups do not form a well-packed monolayer on ITO, an
alternative was to use silane-anchoring groups (e.g. R–Si(OEt)3) to form covalent attachments to
the ITO surfaces. SAM-35 was prepared to find the best self-assembly conditions for 34. Two
methods for its assembly were followed: Method A consisted in a submersion/annealing process
of the ITO substrates and Method B in submersion of the ITO substrates in a refluxing solution
of 35. Substrates resulting from both methods were characterized by FT-IR as shown in Figure
1.52. The FT-IR spectrum from method A did not show absorption bands that confirmed the
presence of a well-packed monolayer. Method B the FT-IR spectrum exhibited absorption bands
corresponding to 35. Therefore, Method B was chosen to prepare the self-assembled monolayers
of compound 34.

Figure 1.52: FT-IR of 35 compared to the self-assembling methods A and B.

The self-assembly of compound 33 was performed for comparison with that of 30. Figure
1.53 shows the EIS in the presence of Fe(CN)63-/4 and Ru(NH3)62+/3+ and, similar to SAM-30, the
electrochemical impedance is controlled by diffusion of the redox probes to the surface of the
ITO electrode, indicating that substantial pin-holes are present across the film. Therefore,
carboxylic acids are not suitable anchor groups for the preparation of SAMs of fullerene-based
compounds.
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Figure 1.53: Nyquist plots of self-assembled monolayers of 33 in the presence of (a) Fe(CN)63/4
and (b) Ru(NH3)62+/3+.

1.3.2

Photoactive layers
A crucial and difficult to control parameter in BHJ solar cells is the morphology of the

photoactive layer. Under conventional procedures the photoactive layer is spin-coated and then
annealed to promote segregation and formation of nano-domains of donors and acceptors (Figure
1.54a). The disadvantage of this procedure is the lack of control and the difficulty of reproducing
the results. This leads to inconsistent results that need to be averaged to obtain a reliable value
for the photoconversion efficiency of the cell system under study. Therefore, the development of
new methods that lead to the design of well-organized photoactive layers with continuous
pathways for both holes and electrons (Figure 1.54b) are necessary to obtain highly efficient
organic solar cells.
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Figure 1.54: Pictorial representation of (a) bulk-heterojunction photoactive layer and (b) ideal
organized photoactive layer in organic solar cells.

1.3.2.1 Electrooxidatively polymerized photoactive layers
Incorporating triphenylamine donors in fullerene-based dyads have resulted in efficient
electron excitation, with charge-separated state lifetimes ranging between milli and
microseconds. The syntheses of triphenylamine/fullerene-based dyads and triads have been
developed to electrooxidatively polymerize them on transparent conductive oxide electrodes (in
our case ITO) to mimic the ideal morphology of a photoactive layer (Figure 1.54b). Figure 1.55
shows the target molecules that have been designed whose syntheses and characterizations are
described below. A pictorial representation of the device construction is illustrated in Figure
1.56.
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Figure 1.55: TPA fullerene-based dyad and triads for electrooxidative polymerization. (R = Ph).
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Figure 1.56: Pictorial representation of a photovoltaic device based on electrooxidatively
polymerized fullerene-based photoactive layers.

Synthesis of fullerene-based dyads and triads
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Figure 1.57: Synthetic route for the preparation of 36 (R = -Ph). (i: EtOH, NaBH3CN, rf; ii:
Ethyl malonyl chloride, TEA, CH2Cl2, rt; iii: C60, DBU, CBr4, CH2Cl2, rt)

Synthesis of 39 and 40. The procedure followed was previously reported.136

Synthesis of mono-triphenylamine-C61-ethyl ester (36). The general procedure for 1,2cyclopropanation reactions was followed. CBr4 and C60 were dissolved in toluene and a solution
of ethyl 3-((4-(diphenylamino)benzyl)(phenyl)amino)-3-oxopropanoate in CH2Cl2 was added.
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Subsequently, DBU was added dropwise and the reaction was let stir at room temperature. The
same column chromatographic conditions as those used for 22 were followed (40-55% isolated
yield). 1H NMR (600 MHz, CDCl3, 298K) δ (ppm): 7.43 (t, J = 8.2 Hz, 3H), 7.36 (dd, J = 8.0,
1.5 Hz, 2H), 7.27 (d, J = 8.4 Hz, 2H), 7.25 – 7.21 (m, 5H), 7.06 (d, J = 7.6 Hz, 4H), 7.01 (t, J =
8.2 Hz, 3H), 5.08 (s, 2H), 4.40 (q, J = 7.1 Hz, 2H), 1.44 (t, J = 7.2 Hz, 3H). UV-Vis λmax (nm):
260, 305, 324, 427. MALDI-TOF MS (m/z): calcd. 1182.194 [M]+, found 1181.368 [M - H]+.
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Figure 1.58: Synthetic route for the preparation of 37 (R = -Ph). (i: EtOH, rf; ii: malonyl
chloride, TEA, CH2Cl2, rt)

Synthesis of N1,N3-bis(4-(diphenylamino)benzyl)-N1,N3-diphenylmalonamide (41). N,Ndiphenyl-4-((phenylamino)methyl)aniline was dissolved in 500 mL of CH2Cl2 and kept under a
N2 atmosphere. Triethylamine was added dropwise and the reaction was allowed to stir for 30
minutes. After 30 minutes, malonyl chloride was added dropwise and the reaction was allowed to
stir at room temperature overnight. The crude mixture was quenched with NaHCO3 and extracted
with ethyl acetate (3 x 50 mL). Column chromatography in CH2Cl2:MeOH (2%) afforded the
desire product (0.089 g, 17%). 1H NMR (600 MHz, CDCl3, 298K) δ (ppm): 7.31 - 7.18 (m,
12H), 7.05 (t, J = 8.1 Hz, 14H), 7.02 - 6.93 (m, 8H), 6.81 (d, J = 7.4 Hz, 4H), 4.79 (s, 4H), 3.01
(s, 2H). 13C NMR (151 MHz, CDCl3) δ (ppm): 167.14, 147.87, 147.10, 142.15, 131.40, 129.90,
129.53, 129.28, 128.77, 128.11, 124.22, 123.96, 122.80, 52.66, 42.53.
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Synthesis

of

N1,N3-bis(4-(diphenylamino)benzyl)-N1,N3-diphenyl-methano[60]-

malonamide (41). No product was obtained even after changing reaction conditions.

Electrooxidative Polymerization. The electrooxidative polymerization procedure used
with compound 5 was followed (see page 17). Electrooxidative polymerization of compound 36
on patterned ITO showed the formation of a visible film over the surface of the electrode (Figure
1.59a). However, additional oxidative scans do not exhibit further increases in the current as a
result of the deposition on the surface of the electrode (Figure 1.59b).

Figure 1.59: (a) Electrooxidatively polymerized dyad 36 on the surface of ITO after 10
oxidative scans and (b) cyclic voltammogram of 10 oxidative scans of 36 in 0.1 M of
TBAPF6/CH2Cl2 at 100 mV/s scan rate (Working electrode: ITO, pseudo-reference electrode: Ag
wire and counter electrode: Pt wire).

The electrooxidative polymerization of bis-triphenylamine Zn(II)Porphyrin (5) exhibits
the expected increase in the current upon successive cycling. Therefore, the design and syntheses
of triad 37 were undertaken. The successful synthesis of the precursor malonate was achieved,
but unfortunately cyclopropanation on the fullerene cage was not successful. A possible
explanation is that steric effects due the phenyl groups may be inhibiting the addition reaction.
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1.3.2.2 Supramolecular organized photoactive layers Pyr-C60:ZnPor
Taking advantage of the well-known affinity of pyridyl functional groups for zinc
porphyrins we envisioned the preparation of supramolecularly organized photoactive layers.
Figure 1.60 shows target donor and acceptor compounds that could in principle self-assemble to
create supramolecular dyads in photoactive layers.
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Figure 1.60: Target molecules for supramolecular assemblies; electron acceptors (42-44) and
electron donors (5 and 45-46).

Synthesis of pyridyl-based fullerene derivatives
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Figure 1.61: Synthetic route for the preparation of 42. (i: Ethyl malonyl chloride, TEA,
CH2Cl2, rt; ii: C60, CBr4, DBU, CH2Cl2, rt)
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Synthesis of ethyl 3-oxo-3-(pyridin-4-ylamino)propanoate (47). To a two-neck round
bottom flask was added 4-aminopyridine (0.5 g, 5.31 mmol) dissolved in CH2Cl2, the resulting
solution was placed under a N2 (g) atmosphere and TEA (1.10 mL, 7.97 mmol) was added
dropwise. The reaction was allowed to stir for 30 minutes and then ethyl malonyl chloride (0.82
mL, 6.37 mmol) was added. The resulting mixture was stirred overnight at room temperature. It
was then extracted with NaHCO3 (2 x 50 mL), the organic phase dried over Na2SO4 and the
solvent removed under reduced pressure. Column chromatography using silica gel and CH2Cl2 as
eluent afforded 47 (0.481 g, 43%). 1H NMR (600 MHz, CDCl3, 298K) δ (ppm): 11.54 (s, 1H),
8.53 (d, J = 6.3 Hz, 3H), 7.49 (d, J = 6.4 Hz, 5H), 4.29 (q, J = 7.1 Hz, 3H), 3.82 (s, 2H), 1.34 (t,
J = 7.2 Hz, 4H).

Synthesis of mono-pyridyl-C61-ethyl ester (42). The reaction conditions used were
similar to those used to prepare 36, but CH2Cl2:MeOH (2%) was used as the mobile phase to
afford the desired compound 42 (0.040 g, 9%). 1H NMR (600 MHz, CDCl3) δ (ppm): 8.82 (s,
1H), 8.65 (d, J = 6.4 Hz, 2H), 7.70 (d, J = 6.2 Hz, 2H), 4.63 (q, J = 7.0 Hz, 2H), 1.50 (t, J = 7.1
Hz, 3H). UV-Vis λmax (nm): 325, 426, 487. MALDI-TOF MS (m/z): calcd. 926.069 [M]+, found
926.021 [M]+.
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Figure 1.62: Synthetic approach for the preparation of 43.

Synthesis of ethyl 5-(pyridin-4-yl)-5-(2-tosylhydrazono)pentanoate (50). Despite
multiple attempts using different reaction conditions, none afforded the desired tosylhydrazono
50. A similar compound with the pyridyl moiety close to the ketone was synthesized (see below)
but no product formation was observed either.
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It is possible that the pyridyl ring is deactivating the ketone and inhibits the reaction with
the tosylhydrazone.

i

OH
O

O

O

O

N

O
48

O

ii

N

O
O

iii
NNHTs

N

O
49

44

Figure 1.63: Synthetic route for the preparation of 44. (i: DCC, DMAP, CH2Cl2, rt; ii: pTsH,
MeOH, rt; iii: C60, NaOMe, Pyridine, o-DCB, rf)

Synthesis of pyridin-4-ylmethyl 5-oxo-5-phenylpentanoate (48). To a three-neck round
bottom flask were added 5-oxo-5-phenylpentanoic acid (2.11 g, 11.0 mmol), 4-Pyridinemethanol
(1.0 g, 9.16 mmol) DCC (0.973 g, 7.96 mmol), DMAP (0.223 g, 1.83 mmol) followed by 150
mL of anhydrous CH2Cl2 and the reaction was allowed to stir overnight. After this time, the
reaction was filtered and the solvent removed under reduced pressure. The resulting yellowish oil
was column chromatographed using silica gel and CH2Cl2 to afford the desired product 48 (1.0 g,
38%). 1H NMR (600 MHz, CDCl3, 298K) δ (ppm): 8.53 (d, J = 5.3 Hz, 2H), 7.89 (d, J = 8.0 Hz,
2H), 7.51 (t, J = 7.2 Hz, 1H), 7.40 (t, J = 7.6 Hz, 4H), 7.19 (d, J = 5.4 Hz, 2H), 5.09 (s, 2H), 3.02
(t, J = 7.1 Hz, 2H), 2.51 (t, J = 7.2 Hz, 2H), 2.07 (t, J = 7.2 Hz, 2H).

Synthesis of pyridin-4-ylmethyl 5-phenyl-5-(2-tosylhydrazono)pentanoate (49). To a
two-neck round bottom flask was added compound 48 (1.0 g, 3.53 mmol), p-Toluenesulfonyl
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hydrazide (0.776 g, 4.24 mmol) followed by 6 mL of anhydrous MeOH. The reaction was
allowed to stir overnight under reflux, the reaction was then allowed to cool down to room
temperature and the resulting precipitate was filtered and washed with cold MeOH and dry under
reduced pressure to afford the desired compound 48 (0.363 g, 23%). 1H NMR (600 MHz, CDCl3,
298K) δ (ppm): 8.98 (s, 1H), 8.65 (s, 2H), 7.88 (d, J = 8.3 Hz, 4H), 7.66 – 7.61 (m, 2H), 7.33 (d,
J = 1.6 Hz, 3H), 7.32 (d, J = 1.9 Hz, 1H), 7.29 (d, J = 4.7 Hz, 3H), 7.27 (d, J = 8.3 Hz, 3H), 5.24
(s, 2H), 2.66 – 2.61 (m, 2H), 2.46 – 2.42 (m, 3H), 2.39 (s, 4H), 1.76 – 1.70 (m, 3H).

Synthesis of Phenyl-C61-butyric acid (pyridyl)methyl ester (44). To a round bottom
flask 49 (0.3 g, 0.66 mmol) and pyridine (0.13 mL, 1.32 mmol) were added and kept under a N2
atmosphere stirring for 20 minutes at room temperature. After 20 minutes, C60 (0.317 g, 0.44
mmol) dissolved in o-DCB was added and the temperature was increased to reflux. The reaction
was monitored by TLC and allowed to proceed to completion. The solvent was removed and
column chromatography was performed following the same conditions as for 42 (0.031 g, 1%).
1

H NMR (600 MHz, CDCl3, 298K) δ (ppm): 8.57 (s, 2H), 7.92 (d, J = 7.1 Hz, 2H), 7.48 (d, J =

7.4 Hz, 1H), 7.44 (t, J = 7.5 Hz, 3H), 5.12 (s, 2H), 2.95 – 2.88 (m, 2H), 2.62 (t, J = 7.5 Hz, 2H),
2.23 (m, 2H). UV-Vis λmax (nm): 263, 331, 425. MALDI-TOF MS (m/z): calcd. 987.126 [M]+,
found 987.425 [M]+.

Solar cell preparation. Because the most studied electron donor/acceptor blend is
poly(3-hexylthiophene):phenyl-C61-butyric acid methyl esther (P3HT:PC61BM), it is common to
study new electron donors and acceptors with PC61BM and P3HT, respectively. The HOMOLUMO levels of some of the target compounds and the reference P3HT/PC61BM are shown in
Figure 1.64, which clearly shows a good HOMO-LUMO level matching between the donor and
the acceptor, one of the crucial parameters for efficient exciton dissociation.
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Figure 1.64: HOMO-LUMO energy levels for electron donors and electron acceptors. Note:
energy levels for 15, 11 and 13 were calculated from electrochemical onset potentials using the
following equations: EHOMO = -q(Eonsetox + 4.38) eV and ELUMO = -q(Eonsetred + 4.38) eV. P3HT and
PC61BM correspond to literature values.

Table 1.9 shows the cell characteristics for the photoactive layers based on electron
acceptor 44 with P3HT and 45 as electron donors, and electron donors 5 and 46 with PC61BM as
the electron acceptor. The results using a blend of PC61BM as the electron acceptor and 5 or 46
as the electron donors showed poor Voc and low current (Table 1.9, entries 1 and 2). These results
could be due to a poor microphase segregation (morphology) of donor and acceptor that inhibited
a continuous pathway for the charge carriers to reach the electrodes.

Figure 1.65: Optimized supramolecular structure of 5 and 43.

We therefore envisioned the possibility of ordering the photoactive layer using
supramolecular D-A systems. Electron acceptor 42 is a methano fullerene derivative with a
pyridine group to function as the anchor to the Zn(II)-porphyrin core of 5 (Figure 1.65). Before
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incorporating the supramolecular dyad in a BHJ solar cell, we studied the supramolecular
assembly through absorption spectroscopy and 1H NMR. Figure 1.66 shows the absorption
spectra for compound 42 and the supramolecular assembly of 42:5. It is well known that the
conjugation and symmetry of a porphyrin directly affects their absorption properties and
substitution of the porphyrin core with π-electrons causes their absorption to red-shift.137 Even
though the porphyrin core is not covalently attached to the fullerene core (42), the presence of πelectrons in the pyridyl moiety and the fullerene itself is responsible for the red-shift observed,
confirming the self-assembly occurred. As shown in the UV-vis spectrum, a bathochromic shift
of 5 nm for the soret band of the porphyrin moiety and a more pronounced shift of 33 nm on the
Q band at 507 nm are indicative of electronic coupling with the fullerene core. However, no
energy transfer bands were observed in the spectral window.

Figure 1.66: UV-vis of supramolecular complex (red) and free ZnIIPorphyrin 5 (black).

As shown in Figure 1.67, the 1H NMR of the complex (bottom) exhibits an upfield shift
for all the signals in the spectrum and a broadening of the aromatic protons of the pyridyl ring is
observed, suggestive of interactions between 5 and 42.
BHJ solar cells prepared with 42 and 44 as electron donors with 5 and 45 exhibited no
current and the resistance of the cell were in the kΩ range. These results can be explained by
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possible poor photoactive layer morphology and to the existence of no micro-heterogeneous
phases increasing recombination processes that lead to the observation of no current in the
devices. It is important to mention that electron donor/electron acceptor ratios play an important
role in the overall results; thus, we explored 1:1.5 and 1:2 ration but none were successful.
Unfortunately, a complete study of D-A ratios was not possible because the available quantity of
the materials was limited.

Table 1.9: Cell characteristic based on electron donors P3HT, 5 and 45-46 and electron
acceptors PC61BM and 44.
Compounds
(ratio)
5:PC61BM (1:1)
46:PC61BM (1:1)
P3HT:44 (1:1)
45:44 (1.4:1)
42:5 (1:1)

Voc
(V)
0.196
0.209
-

Jsc
(mA/cm2)
1.04
0.353
-
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FF

η (%)

0.300
0.265
-

0.06
0.02
-

Figure 1.67:

1

H NMR in CDCl3 at 600 MHz of 5 (top), 42 (middle) and supramolecular
complex (bottom).
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1.4

HYBRID PEROVSKITE SOLAR CELLS
The high photoconversion efficiencies of perovskite hybrid solar cells (PSC) have placed

them close to those of silicon-based commercially available solar cells. However, the
reproducibility and processing are somewhat difficult, which limits their potential
commercialization. Therefore, researchers worldwide are currently investigating processing
methods that can be reproduced that yield high PCE cells. Studies have shown that interfacial
contacts between the layers in the device are crucial for efficient charge extraction and collection
at the corresponding electrodes.138-140 One of the main disadvantages of perovskite solar cell
manufacturing is the deposition of the layers from solution (hole extracting, light absorber and
electron extracting layers). Alternative methods should be pursued to study the effects of the
deposition on the overall device performance and to increase the potential commercialization of
this technology.

1.4.1

Hole transporting materials
As discussed in section 1.1.1 triphenylamine (TPA) derivatives have received increased

attention because of their efficient light harvesting properties and good hole transport mobilities,
which are both crucial for obtaining efficient solar cells. Additionally, it is well known that after
electrochemical oxidation the generated radical cation can undergo a polymerization reaction
sequence after consecutive oxidative cyclic voltammetric scans. TPA derivatives (e.g. spiroMeOTAD and poly-TPAs) have been successfully used as hole transporting materials (HTM) in
perovskite solar cells. However, their high cost and multi-step synthetic preparation are not
optimal for mass production. The overall performance of perovskite solar cells depends on
several parameters that include processing conditions and device architecture. Solvent
engineering has been shown to enable the deposition of dense perovskite layers and photovoltaic
devices with high photoconversion efficiencies. However, control over the morphology and layer
thickness using conventional spin-coating methods is challenging and highly dependent on
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parameters such as the atmosphere (e.g. relative humidity), spin-coating rates, solution
concentration, and annealing temperatures, amongst others.
The synthesis of tetra-TPA-ZnII-porphyrin and their electrochemically-controlled in-situ
polymerization and deposition on ITO electrodes as hole transporting materials (HTM) for
organic-inorganic perovskite-based solar cells were performed. To the best of our knowledge this
is the first example of an in-situ electropolymerization/deposition approach for the preparation of
HTM and their incorporation in photovoltaic devices with the exception of a solid-state
electropolymerization of TPA derivatives after deposition from solution reported by LanaVillareal et al. but no incorporation of such films in photovoltaics were reported.141

Synthesis of TPA-based ZnII-porphyrin
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Figure 1.68: Synthetic route for the preparation of 46. (i: TFA, CHCl3, rt, 24h; DDQ, CHCl3,
rt, 18h; ii: Zn(OAc)2.2H2O:MeOH or Ni(OAc)2.4H2O, CHCl3, rt, 3 h)

Synthesis of 5,10,15,20-triphenylamine-ZnII-porphyrin (46). The procedure was similar
to the one used to prepare 5. 1H NMR (400 MHz, CDCl3, 298K): δ (ppm) = 9.14 (s, 8H), 8.11 (d,
J = 8.5 Hz, 6H), 7.49 (d, J = 8.5 Hz, 8H), 7.46 – 7.43 (m, 34H), 7.20 – 7.15 (m, 8H). UV-vis,
λmax (nm): 308, 399, 439, 558, 602. MALDI-TOF MS (m/z): calcd. 1344.455 [M]+, found
1344.920 [M]+.
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Synthesis of 5,10,15,20-triphenylamine-NiII-porphyrin (47). The procedure was similar
to the one used to prepare 5. 1H NMR (600 MHz, CDCl3, 298K): δ (ppm) = 8.88 (s, 8H), 7.85 (d,
J = 8.3 Hz, 8H), 7.40 – 7.33 (m, 40H), 7.11 (t, J = 6.9 Hz, 8H). MALDI-TOF MS (m/z): calcd.
1338.461 [M]+, found 1339.461 [M+H]+.

Preparation and characterization of electropolymerized films. Electrooxidative
polymerization of 46 was performed as described for 5 (see section 1.1.1). Besides forming
neutral polymeric thin films of 46, we studied the effects of positively (poly-46+) and negatively
(poly-46-) charging the thin films in the overall efficiency of the PSC. For the preparation of
poly-46+, the last oxidative scan was stopped at a positive potential (see Figure 1.69a). On the
other hand, poly-46- was prepared by stopping at a negative potential. Several optical techniques
such as UV-vis, FT-IR and scanning electron microscopy were used to characterize the
electropolymerized thin films. The wettability of the surface was studied using a water contact
angle goniometer, HOMO-LUMO energy levels were calculated by electrochemical methods
and the charge mobilities across the film were calculated and compared with that of
PEDOT:PSS.

Profilometry. As discussed above, the overall efficiency of the device depends on
several parameters and the layer thicknesses are crucial for proper charge carrier mobilities and
extraction to the corresponding electrodes. Therefore, for the electropolymerized thin film of 46
(refer to as poly-46 from now on), the thicknesses were measured as a function of the different
number of oxidative scan cycles (electropolymerization of 47 afforded non homogeneous films,
therefore it was decided to continue with only 46). Figure 1.69b shows the correlation of the
thickness with the number of consecutive cycles. The optimal layer thickness for a HTM is
approximately 20-30 nm, thus 6 oxidative cycles were performed to obtain the desired polymer
thickness, see Figure 1.69.
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Figure 1.69: (a) Cyclic voltammogram for six consecutive cycles of 46 (black arrow points to
the stopping potential for the preparation of poly-46+); (b) thickness versus number of cycles
plot; and (c) profilometer profile of six cycles of 46.

Absorption spectroscopy. After the in-situ electropolymerization/deposition of 46, the
films of poly-46 were studied by solid-state UV-vis spectroscopy and compared to the UV-vis of
46 in solution. As shown if Figure 1.70, the absorption spectrum of a solution of 46 in CHCl3
compared to the solid-state spectrum of poly-46 exhibits the same absorption features
corresponding to the metal porphyrin core. However, an increased absorption for the
triphenylamine moiety with a bathochromic shift of 31 nm for poly-46 compared to the monomer
in solution was observed. The broadening of the absorption bands in the thin film of poly-46
when compared with the sharp absorptions of 46 in solution is normal for materials in the solid
state. The different behaviors of the monomers in solution compared with the polymers in the
solid state are due to the increase in conjugation that leads to a change of the band gaps. As the
conjugation increases, the broadening of the peaks increases, resulting in the absorption of more
photons, and the HOMO-LUMO energy difference decreases and consequently lowers the band
gap.
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Figure 1.70: UV-Vis of 46 in solution, spin-coated thin film of 46 on ITO and poly-46 on ITO.

Fourier transform-infrared spectroscopy. FT-IR was used to observe if the vibrational
features of the monomer were preserved in the polymeric film or if new features were observed
upon increasing the conjugation in poly-46. Figure 1.71 shows the FT-IR spectra for monomer
46 and poly-46; there are no significant changes in the spectrum, except for a slight shift of
approximately 2-3 cm-1 in the case of poly-46 when compared to the spectrum of monomer 46.
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Figure 1.71: FT-IR of monomer 46 and poly-46.
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Water contact angle. It has been shown that humidity affects the stability of perovskitebased devices and several approaches are currently being pursued to introduce hydrophobic
materials that can protect the perovskite active layer from deteriorating.142,143 The wettability of
poly-46, poly-46+ and poly-46- surfaces was studied using DI water using a contact angle
goniometer under ambient atmosphere. As shown in Figure 1.72, all films exhibited hydrophobic
surfaces as demonstrated by the contact angle values compared with that for a clean ITO. After
comparing the three films it is evident that the positively charged films possess lower angle
values but are still hydrophobic, which is important for the long-term stability of the devices.
Surprisingly, it was not expected that the poly-46- film would exhibit a higher contact angle
value, similar or lower values were anticipated. A possible explanation for this phenomenon is
the negative surface charged air/water interface. It has been shown that under ambient conditions
the water molecules can adopt two orientations responsible for the observed charged air/water
interfaces which could give rise to the observed higher contact angle for poly-46- when
compared to poly-46.144

Figure 1.72: Water contact angle of (a) clean ITO, (b) poly-46, (c) poly-46+ and (d) poly-46films in ambient atmosphere.

Charge mobilities. An effective hole transporting material should be able to selectively
extract the corresponding charge carriers from the active layer without contributing to increases
in the resistance of the device. The charge carrier mobilities for poly-46 were obtained and
compared to that of the commonly used hole transporting material PEDOT:PSS. Table 1.10 lists
the mobilities for all films; the values for the poly-46 films are similar to those for PEDOT:PSS,
which suggests that these electrooxidatively polymerized films could be efficient hole extracting
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materials. The resistance measured for the poly-46 films is somewhat lower than for
PEDOT:PSS, which could result in improvements of the overall efficiency of the devices.
However, the resistances in the actual device were higher for the poly-46 films than for those of
PEDOT:PSS (Table 1.11) and the overall efficiency was therefore lower.

Table 1.10: Charge carrier mobilities of PEDOT:PSS and the poly-46 films.
Films
PEDOT:PSS
Poly-46
Poly-46+
Poly-46-

Mobility
(cm2V-1S-1)
40.97
38.85
39.82
39.74

Resistance
(Ωcm)
0.0002010
0.0001884
0.0001992
0.0001987

Conductivity
(1/Ωcm)
4974
5295
5019
5032

Scanning electron microscopy. Microscopy techniques can provide important insight
about the morphology of the films and about the roughness of the surfaces. Both of these are of
crucial importance because interfacial contacts between layers have been shown to affect
perovskite solar cell efficiencies. Scanning electron microscopy was used to study the
morphology and roughness of poly-46 thin films on ITO electrodes. Figure 1.73 shows the SEM
images of the thin film at different magnifications. At 500 and 300 nm the surface exhibits
longer domains of polymeric brushes that increase the roughness of the surface; however looking
closely at the surface at 1 μm, complete coverage of the ITO surface was achieved. Therefore
penetration of the active layer should not affect charge collection and devices are expected to be
stable.
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(a)

(b)

(c)

Figure 1.73: SEM images of poly-46 at (a) 500 nm, (b) 300 nm and (c) 1.00 μm.

Perovskite solar cells preparation. PSCs were fabricated on pre-patterned ITO
purchased from Kintec Company (Hong Kong) and were subjected to cleaning in diluted
Alconox® detergent at 60 °C, DI-water, ethanol, and then acetone for 15 minutes each.
Substrates were subjected to 30 minutes in a UVO-Cleaner® (Jelight Company, Inc.) and were
heated at 120 °C for 5 minutes prior to spin-coating with PEDOT:PSS (Clevios PVP AI 4083) at
5000 rpm for 30 seconds (PEDOT:PSS was substituted with poly-46 in the substrate studied in
this section). Substrates were then annealed at 150 °C for 15 minutes and brought into a N2 (g)
filled glovebox. A 1 M solution of lead iodide (Alfa Aesar) and methylammonium iodide (MAI
was synthesized according to literature procedures reported elsewhere) at a 1:1 molar ratio in γbutyrolactone:dimethylsulfoxide (7:3) was prepared and stirred overnight at 60 °C. This solution
was then spin-coated onto the substrates, heated at 100 °C for 5 minutes at 1000 rpm for 10
seconds, then 5000 rpm for 20 seconds. Eighteen seconds into the second step, 0.1 mL of
chlorobenzene was dropped onto the spinning substrate. The layer was then heated for 5 minutes
at 60 °C, and 15 minutes at 100 °C prior to spin-coating with a 20 mg/mL solution of PCBM
(Nano-C) in chlorobenzene at 1000 rpm for 30 seconds. The substrates were then allowed to
anneal overnight in petri dishes under ambient atmosphere. The following day, 20 nm of calcium
and 80 nm of aluminum were thermally evaporated at 1x10-6 mbar using a shadow mask to create
cell areas of 0.04 cm2 (see Figure 1.71 for cell configuration). Cells were then sealed using a UV
curable epoxy (ELC-2500 UV Light Curing P/N Epoxy) and were exposed to UV light for 10
minutes.
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Figure 1.74: Perovskite solar cell configuration.

Perovskite solar cells performance. Characterization and photovoltaic measurements of
PSCs were performed at 1.5 AM (Air Mass) by using a Photo Emission Tech SS100 Solar
Simulator at approximately 100 mW/cm2 irradiance and J-V and EQE measurements were
obtained using a Bentham PVE300 instrument. Table 1.11 lists the solar cell characteristics for
all poly-46 films including a reference cell using PEDOT:PSS as the HTM. The open circuit
potential (Voc) of all devices were close to or over 1.0 V, which is comparable to reported Voc
values for PSCs. Interestingly, when the results for neutral poly-46 are compared to those for
poly-46+ and poly-46-, a considerable decrease and increase, respectively, is observed for the
photoconversion efficiency of the devices. The increase in the overall efficiency of the poly-46device when compared to poly-46+ is due to the considerably lower cell resistance that it is
observed for poly-46- as well as the higher current. The positively charged films create a charge
barrier for holes to reach the ITO electrode, thus decreasing photoconversion efficiencies. On the
other hand, the negatively charged poly-46- devices exhibited the highest power conversion
efficiencies, mainly due to efficient hole extraction from the perovskite layer aided by
electrostatic interactions. The lower cell resistance mentioned above supports the latter
observation.
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Table 1.11: Solar cell characteristic perovskite solar cells with poly-46 films as hole
transporting materials.
Hole transporting
material
PEDOT:PSS
Poly-46
Poly-46+
Poly-46-

Voc
(V)
0.94
0.99
0.92
1.01

Jsc
(mA/cm2)
10.35
8.15
7.99
13.23

FF
0.58
0.51
0.37
0.52

Resistance
(Ω)
125.69
317.35
689.69
255.33

η (%)
5.82
4.26
2.82
6.84

Note: Solar cell configuration: ITO/HTM/CH3NH3PbI3/PCBM/Al

The electrochemical in-situ polymerization and deposition of TPA derivatives as hole
transporting materials for photovoltaic devices allows a high degree of control over the
morphology, roughness and thickness of the resulting layers. It provides a high degree of
reproducibility when compared with spin-coating methods that depend on several parameters
such as the atmosphere, spin-coating rates, solution concentrations, and annealing temperatures,
amongst others. This newly developed polymerization procedure for the deposition of HTMs is
potentially useful not only for perovskite solar cells but for photovoltaic devices in general.

1.5

CONCLUSION AND RECOMMENDATIONS
The design, synthesis and characterization of bulky dyes for DSSCs were accomplished.

The purpose of preparing bulky dyes was to effectively inhibit aggregation at the semiconductor
interface and prevent the permeation of the electrolyte to the semiconductor. Both processes
decrease the overall efficiency of DSSC devices. Although, increasing the bulkiness of the dyes
decreased the amount of dye adsorbed at the semiconductor surface relatively high power
conversion efficiencies were obtained.
The incorporation of interfacial layers in bilayer solar cells that can function as
electropolymerization promoters for the construction of electroactive films was achieved using
TPA-based self-assembled monolayers. Electropolymerization on top of these layers was
possible as demonstrated by cyclic voltammetry. Furthermore, the design and synthesis of
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fullerene-based dyads as photoswitched interfacial layers was presented. We demonstrated that
cell polarization occurs using electrochemical impedance spectroscopy in the presence of
charged redox probes.
Finally, we introduced a new in-situ electrochemical polymerization/deposition method
for TPA-Zn(II)-porphyrin derivatives, to prepare hole transporting materials for perovskite solar
cells. With this new approach control over the deposition of the film is possible. This method can
therefore be applied for the preparation of hole extracting layers in any photovoltaic device.
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Chapter 2: Endohedral Fullerenes
Endohedral fullerenes are fullerene cages with incarcerated species such as metal
clusters, ions or atoms within their carbon structures. Scientific interest on such compounds have
increased in the last few years mainly because of their interesting electronic properties that make
them potential candidates as magnetic resonance imaging (MRI) contrast agents18-20 and in
organic photovoltaic technologies.145-147 The most abundant endohedral fullerene, Sc3N@Ih-C80, is
part of the Sc3N@C2n family formed by the arc discharge vaporization of Sc2O3-packed graphite
rod anodes under a N2/He atmosphere (Figure 2.1). The resulting mixture (called arcing soot)
contains the endohedral fullerenes of interest along with empty fullerenes, carbon nanotubes and
other carbonaceous materials. Therefore, the purification of the desired endohedral fullerenes
from this mixture is a challenging and time-consuming process.

Figure 2.1:

Electric arc fullerene reactor. Reproduced from Stevenson, S. et al. Chem
Commun 2007, 4263.148 (See Appendix F for the copyright letter)

Furthermore, the amount of material obtained after purification is on a few milligram
scale. In this Chapter, we discuss the development of a new chromatographic technique for the
purification of endohedral fullerenes from empty fullerenes in an arc mixture, and the
functionalization and characterization of Sc3N@Ih-C80, Gd3N@Ih-C80 and CeLu2N@C80
derivatives.
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2.1

FUNCTIONALIZED SILICA GEL FOR FULLERENE SEPARATIONS
Various approaches have been reported for the purification of fullerene mixtures; such as

high performance liquid chromatography (HPLC), selective chemical oxidation,149,150 stir and
filter approach151,152 and reversible chemical reactions at stationary phases.153 Nevertheless, all of
these approaches involve more than one step, and are solvent and time consuming, and the
amounts that can be isolated in pure form are limited to just a few miligrams. Therefore, methods
requiring small amounts of solvent, shorter separation times and the ability to scale up the
amounts to be purified are desire.
The functionalization of silica gel with functional groups that can interact differently with
each fullerene in the arcing mixture is crucial for an efficient separation. Xiao, et al. reported the
functionalization of silica gel with tetraphenyl-Zn(II)-porphyrin for the separation of La@C82 and
Y@C82 from an arc soot mixture in a single stage using a mixture of toluene:carbon disulfide
(3:1).154 However, the Zn(II)Por stationary phase was packed in an HPLC column (4.6 mm x 250
mm) for the separation which, limits the separation to just a few milligrams. Gravity
chromatography on the other hand is a single step approach that requires small amount of solvent
and the amounts to be purified can be scaled up to more than a few milligrams. Thus, we
envisioned the usage of functionalized silica gel for gravity chromatography of arcing soot
mixtures to accomplish one or all of the following: (1) obtain enriched endohedral fullerene
fractions, (2) separate empty fullerenes from endohedral fullerenes and/or (3) accomplish
separations based on carbon cage symmetries.
It is well known that octaethyl-nickel-porphyrin (OE(Ni)IIP) is often used as a cocrystallization agent for endohedral fullerenes and fullerene derivatives because they form highly
stable supramolecular assemblies mainly through π-π interactions. Thus we performed the
functionalization of silica gel with OE(Ni)IIP for efficient fullerene separations based on either
cage size and/or cage symmetry in one step and in potentially scalable amounts. Figure 2.2
shows a pictorial representation of the functionalized SiO2 with OE(Ni)IIP and the
chromatographic approach.
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Figure 2.2:

2.1.1

Pictorial representation of functionalized SiO2 and the chromatographic
approach.

Synthesis of Octaethyl(Ni)IIPorphyrin
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Synthetic route for the preparation of 49. (i: 5-bromo-1-pentene, n-BuLi,
THF:Et2O, -78 °C; ii: HSi(OEt)3, Karstedt cat., Toluene, rt)

Synthesis of 5-pentenyl-octaethyl-Ni(II)porphyrin (48). A flame-dried round bottom
flask was placed in a Dewar flask at -78 °C under constant N2 flow to which 15 mL of Et2O was
added followed by 5-bromo-1-pentene (1.2 mL, 10.1 mmol). Subsequently, n-BuLi (2.5 M in
hexanes, 9 mL) was added dropwise and the reaction was stirred at -78 °C for 30 minutes and
then one hour at room temperature. The octaethyl-Ni(II)porphyrin (0.1 g, 0.17 mmol) was
dissolved in anhydrous THF and cooled down to -50 °C and then transferred dropwise via
cannula to the flask containing the organolithium reagent. The reaction was stirred for one hour
and then quenched by adding 1 mL of THF:H2O (1:1). After five minutes, a solution of DDQ
(0.250 g) in CH2Cl2 was added and the reaction was stirred for an additional 30 minutes. After 30
minutes, the reaction mixture was filtered through a short silica plug and the solvent was
removed under reduced pressure. The resulting reddish oil was chromatographed on silica gel
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eluting with hexanes:CH2Cl2 (4:1) to afford two fractions, the first fraction corresponded to the
starting material and the second fraction corresponded to 48 (0.040 g, 36%). 1H NMR (600 MHz,
CDCl3, 298K) δ (ppm): 9.34 (s, 1H), 9.33 (s, 2H), 5.11 – 4.92 (m, 2H), 4.70 (dd, J = 27.7, 13.8
Hz, 2H), 4.47 – 4.41 (m, 2H), 3.86 – 3.73 (m, 25H), 1.86 (t, J = 7.5 Hz, 6H), 1.76 (dd, J = 7.6,
3.6 Hz, 11H), 1.68 (t, J = 7.7 Hz, 6H). MALDI-TOF MS (m/z): calcd. 658.355 [M]+, found
658.215 [M]+.

Synthesis of 5-triethoxy(pentyl)silane-octaethyl-Ni(II)porphyrin (49). To a flame-dried
round bottom flask was added the 5-pentene-octaethyl-Ni(II)porphyrin (0.020 g, 0.03 mmol)
dissolved in anhydrous toluene under a constant flow of N2. Subsequently, the Karstedt catalyst
(platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane

complex,

0.0003

mmol)

and

triethoxysilane (1.38 mL, 7.5 mmol) were added and the constant flow of N2 was stopped. The
reaction was stirred under a N2 atmosphere for 24 hours. Then the solvent was removed under
reduced pressure and the resulting reddish oil was flash chromatographed through silica gel
eluting the unreacted starting material with CH2Cl2 and then the desired product 49 with
CH2Cl2:EtOH (9:1) (0.021, 84%). 1H NMR (600 MHz, CDCl3, 298K) δ (ppm): 9.34 (s, 1H), 9.33
(s, 2H), 4.45 – 4.39 (m, 2H), 3.91 – 3.71 (m, 8H), 3.57 (q, J = 6.9 Hz, 6H), 1.86 (t, J = 7.5 Hz,
6H), 1.76 (td, J = 7.7, 5.5 Hz, 14H), 1.68 (t, J = 7.6 Hz, 6H), 1.28 – 1.21 (m, 4H), 1.03 (t, J = 6.9
Hz, 10H), 0.28 – 0.24 (m, 2H). MALDI-TOF MS (m/z): calcd. 822.441 [M]+, found 823.043 [M
+ H]+.

2.1.2

Immobilization Procedures
The immobilization of 49 in three different silica gels that included amorphous, granular

and spherical silica was performed (see Table 2.1).
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Table 2.1.
Characteristics
Porosity (Å)
Particle Size (μm)
Mesh
Surface Area
(m2/g)
Supplier

Silica gel characteristics and OE(Ni)IIPor.
CARiACT Q3
(amorphous)
75-150
-

SiO2
(granular)
60
40-50
230 x 400

SiO2
(spherical)
70
20-45
-

713

500-600

450-550

Fuji

Teledyne Isco

Sorbtech

1.0 g of each silica gel was transferred to a 20 dram vial and dried in a vacuum oven at
100 °C for 24 hours prior to the immobilization procedure. Once the silica gels were dried they
were transferred to a three neck round bottom flask followed by 30 mL of anhydrous heptane and
the resulting suspension was placed under an inert atmosphere while heating. Then compound 49
was added, dissolved in anhydrous heptane, and the resulting mixture was stirred for 24 hours.
After this time, the reaction was filtered and the resulting functionalized silica gel was washed
with CH2Cl2, CHCl3, EtOAc, THF and acetone to remove any unreacted 49. After the washing
process the silica was dried under vacuum prior to chromatographic studies (Figure 2.4).

Figure 2.4:

2.1.3

Functionalized silica gel with 49.

Chromatographic Results
Column chromatography was performed using a Pasteur pipette and toluene or carbon

disulfide as mobile phases (Figure 2.5). After column packing, approximately 1 mg of arcing
mixture was dissolved in the mobile phase and eluted, and various fractions were collected.
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Figure 2.5:

Fullerene purification chromatographic set up.

In order to determine the content of each fraction, HPLC chromatography was utilized.
Figure 2.6 shows the chromatogram of each collected fraction from the functionalized granular
and spherical silica gels. Using the amorphous silica gel (CARiACT Q3) no separation was
observed using toluene or carbon disulfide as the eluent. On the other hand, comparing the
granular and spherical silica gels (Figure 2.6a and 2.6b) with CS2 as eluent; enriched endohedral
fullerene fractions were successfully collected but no complete separation was achieved. When
the mobile phase was changed to toluene, in the case of the spherical silica gel even more
endohedral fullerene enriched fractions were collected but not complete separation was obtained.
However, a complete separation of empty fullerenes from endohedral fullerenes was obtained
using granular silica gel in a single stage.
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Figure 2.6: HPLC chromatograms of fractions collected from the chromatographic separation
of the arcing soot from the Sc3N@C2n family in (a) granular and (b) spherical porphyrinmodified silica gel.

The results suggest that separation of endohedral fullerenes from empty fullerenes is
efficient in a single chromatographic stage. This observation can be potentially beneficial for the
endohedral fullerene field since removing empty fullerenes from an arcing mixture to obtain an
enriched endohedral fullerene sample is a time and solvent consuming process. The
chromatographic separation can be optimized by studying the effects of: (1) OE(Ni)IIP:SiO2
loading ratios and (2) the use of different solvents or mixture of solvents. Upon optimization, this
method can be applied to any arcing mixture while scaling up the purification, a major limitation
of previously reported methods.
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2.2

FUNCTIONALIZATION OF Gd3N@C80 WITH TERMINAL THIOL ADDENDS AS SPIN LABELS

FOR NITROGEN VACANCY CENTER

Nitrogen vacancy centers (NVC) are lattice point defects in diamond where a carbon
atom is replaced by a nitrogen atom thus creating a lattice vacancy. An interesting and important
property of NVC is their photoluminescence; they emit bright red light that can be excited by
visible light sources. The luminescence is very stable and no bleaching is observed at room
temperature, which is not the case for most molecular emitters. Potential applications of NVC
include their use as ultrasensitive sensors (detection of fairly small magnetic fields produced by a
single electron tens of nm away from the NVC) in physics and in biology as photostable
biomarkers with low toxicity.155-157

Figure 2.7: Nitrogen vacancy center in diamond (this work by James Hedberg is licensed
under a Creative Commons Attribution-NonCommercial-ShareAlike 3.0 Unported License).

Molecular structure determinations of spin-labeled molecules with paramagnetic ions,
such as gadolinium, are an important and promising approach for structure elucidation of
complex compounds. However, current techniques are not sensitive enough and the weak
detection of spins limits their potential application. A proposed approach is to use NVC to detect
Gd+3 spin labels in complex biomolecules whose structural elucidation is often difficult.158
Gd3N@Ih-C80 is an excellent spin label candidate because it contains three Gd atoms, which
should increase considerably the sensitivity of the detection. Therefore, in collaboration with the
University of California-Santa Barbara the design and synthesis of Gd3N@Ih-C80 terminal thiol
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derivatives was performed. Their attachment to an AFM cantilever to attempt molecular
structure determinations via NVC-based imaging of site-directed spin labels of complex
molecules will be studied (Figure 2.8). The AFM tip will be functionalized with a polyethylene
glycol (PEG) polymer chain with a terminal succinimide group (approximately 6 to 10 nm long)
that will be further attached to a terminal thiol derivative containing Gd atom/s;
tetraazacyclododecane tetraacetic acid (DOTA-Gd3+) or Gd3N@Ih-C80.

Figure 2.8:

2.2.1

AFM functionalized tip with DOTA-Gd3+ (left) and Gd3N@Ih-C80 (right) for NVbased imaging.

Design and synthesis of Gd3N@Ih-C80 and C60 thiol derivatives

Figure 2.9: Synthetic route for the preparation of 52 and 53. (i: 1,4-dibromobutane, K2CO3,
Acetone, rf; ii: Hexamethyldisilathiane, TBAF, THF, -10 °C; iii: Gd3N@Ih-C80, N-Ethylglycine,
o-DCB, 110 °C; iv: C60, N-Ethylglycine, o-DCB, 130 °C)
116

Synthesis of 4-(4-bromobutoxy)benzaldehyde (50). To a round bottom flask were added
4-hydroxybenzaldehyde (1.0 g, 8.20 mmol), K2CO3 (1.25 g, 9.02 mmol) and 1,4-dibromobutane
(1.96 mL, 16.40 mmol) followed by 30 mL of acetone. The resulting mixture was refluxed
overnight. Then the reaction was allowed to cool down and filtered. The filtrate was evaporated
under reduced pressure and column chromatographed using silica gel and CHCl3:hexanes (4:1)
to afford the desired product 50 (1.48 g, 70%). 1H NMR (400 MHz, CDCl3, 298K) δ (ppm): 9.90
(s, 1H), 7.85 (d, J = 8.8 Hz, 2H), 7.01 (d, J = 8.7 Hz, 2H), 4.10 (t, J = 6.0 Hz, 2H), 3.51 (t, J =
6.5 Hz, 2H), 2.14 – 2.05 (m, 2H), 2.06 – 1.96 (m, 2H).

Synthesis of 4-(4-mercaptobutoxy)benzaldehyde (51). To a round bottom flask was
added compound 50 (1.0 g, 3.90 mmol) dissolved in 6 mL THF kept at -10 °C. Then a mixture of
hexamethyldisilithiane (0.82 mL, 3.90 mmol) and TBAF (3.90 mL, 3.90 mmol) was added and
the reaction was stirred overnight at -10 °C. Subsequently, the reaction mixture was diluted with
CH2Cl2 and washed with a saturated solution of NH4Claq (3 x 50 mL), the organic phase was then
dried over Na2SO4 and the solvent removed under reduced pressure. Column chromatography
using CHCl3:Hex (5:1) afforded the desired product 51 (0.515 g, 63%). 1H NMR (400 MHz,
CDCl3, 298K) δ (ppm): 9.91 (s, 1H), 7.86 (d, J = 8.9 Hz, 2H), 7.01 (d, J = 8.7 Hz, 2H), 4.09 (t, J
= 6.2 Hz, 2H), 2.69 – 2.60 (q, 2H), 2.01 – 1.92 (m, 2H), 1.89 – 1.81 (m, 2H), 1.41 (t, J = 7.9 Hz,
1H).

Synthesis

of

mono-(4-mercaptobutoxy)phenyl-[Gd3N@Ih-C80]-N-ethyl

fulleropyrrolidine (52). The general procedure for 1,3-dipolar cycloaddition reactions to
fullerenes was followed to afford 52 (2 mg, 34%).133 MALDI-TOF MS (m/z): calcd. 1698.910
[M]+, found 1697.429 [M-H]+.

The purity of 52 was established by recycling HPLC. As shown in Figure 2.10a, the peak
corresponding to 52 exhibited a shoulder (Fb) that upon recycling HPLC and characterization by
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MALDI-TOF MS (Figure 2.10b) corresponded to the exact mass of the desired compound. It
was suspected that this shoulder could correspond to the D5h-C80 isomer. To establish the purity
of the Luna Innovations, Inc. commercial sample a small portion was injected into a recycling
HPLC and no D5h-C80 was observed, therefore it is likely that we have both [6,6]- and [5,6]addition compounds.

Figure 2.10: HPLC of (a) 52 and (b) MALDI-TOF MS isotopic distribution comparison for
52.
Synthesis of mono-(4-mercaptobutoxy)phenyl-[60]-N-ethyl fulleropyrrolidine (53). The
general procedure for 1,3-dipolar cycloaddition reaction with C60 was followed to afford 53
(0.015 g, 33%).133 1H NMR (600 MHz, CDCl3, 298K) δ (ppm): 7.70 (s, 2H), 6.91 (d, J = 8.1 Hz,
2H), 5.08 (d, J = 9.2 Hz, 1H), 5.01 (s, 1H), 4.13 (d, J = 9.4 Hz, 1H), 3.96 (t, J = 6.2 Hz, 2H),
2.63 – 2.54 (m, 2H), 1.88 (dd, J = 9.2, 5.4 Hz, 2H), 1.83 – 1.74 (m, 2H), 1.35 (t, 1H). UV-vis
λmax (nm): 306, 325, 408, 431, 704.. MALDI-TOF MS (m/z): calcd. 971.134 [M]+, found [M]+.
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Figure 2.11: Schematic of the scanning relaxometry measurement. A silicon AFM tip is coated
with Gd compounds (Magnevist) and scanned near a shallow nitrogen-vacancy center in single
crystal diamond. A confocal microscope excites and polarizes the NV spin with a laser power of
437 μW and detects red photoluminescence to readout the NV spin polarization. This
configuration allows for sensing a change in the NV spin-relaxation rate due to nearby Gd.
Reprinted with permission from Pelliccione, L. et al. Physical Review Applied 2014, 2, 054014
(see copyright letter in Appendix G).

Figure 2.11 shows a representation of the experimental approach. A microscope will
excite and polarize the nitrogen vacancy and detect the red photoluminescence and determines
the spin polarization of the NV. This will allow to further recording any changes in the spinrelaxation of the NV because of the presence of nearby Gd atoms.
Compounds 52 and 53 were sent to the University of California – Santa Barbara for their
anchoring to the AFM cantilever to be used as Gd+3 spin-labels.
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2.3

FUNCTIONALIZATION OF CeLu2N@Ih-C80
As discussed in previous sections, several endohedral fullerenes of the type M3N@C2n

have been synthesized and isolated, and these are the most studied endohedral cluster fullerene
types because of their relatively easy preparation and the vast number of possible trimetallic
nitride clusters that have been incarcerated to date. In addition to the TNT-EMF type, it is
possible to synthesize and isolate mixed-metallic species of the type MM2’N@C2n and
MM’M”N@C2n. The incorporation of a different metal atom can result in a dual effect that could
expand the application of this type of EMF in several fields. For example, it is known that Gdcontaining EMFs have been studied as potential MRI contrast agents and Lu-containing EMFs as
X-ray contrast agents; therefore, GdLu2N@C80 has been proposed as a multi-functional agent.159
Additional types of metals with different properties can be incorporated to fine-tune the final
application of the proposed materials (e.g. paramagnetic metals for the preparation of new EMF
magnetic materials).
However, adding a different metal atom to the incarcerated cluster increases the
complexity of the purification and functionalization, because the nature of the encapsulated
cluster influences the exohedral functionalization behavior of endohedral fullerenes. Stevenson
et al. have isolated the mixed metallic nitride endohedral cluster fullerene, CeLu2N@C80, using a
non-chromatographic, two-step chemical process.160 Its crystal structure was elucidated and it
exhibits a pyramidalized CeLu2N cluster, which is not common for M3N where the incarcerated
clusters are generally planar, with some exceptions.161,162 To the best of our knowledge there is
only one report of the functionalization of mixed metallic nitride EMF but no information is
available of how the mixed metal cluster affects the surface chemistry of the cage.
We thus decided to perform a 1,3-dipolar cycloaddition reaction with N-ethylglycine and
its reactivity and electrochemical properties were investigated.
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2.3.1

Synthesis and characterization of mono-N-Ethyl-CeLu2N@C80-fulleropyrrolidine

Figure 2.12: Synthetic route for the preparation of 54. (i: CeLu2N@C80, HCHO, o-DCB, rf, 6
h)

Synthesis of mono-N-Ethyl-CeLu2N@C80-fulleropyrrolidine (54). The general procedure
for 1,3-dipolar cycloaddition reactions was followed.133 CeLu2N@C80 (0.6 mg, 0.41 μmol), Nethylglycine (0.19 mg, 1.8 μmol), paraformaldehyde (0.16 mg, 5.4 μmol) and 5 mL of anhydrous
o-DCB afforded 54 in 6 h (0.45 mg, 71%). 1H NMR (600 MHz, CDCl3:CS2, 298K) δ (ppm):
6.17 (bd, J = 5.2 Hz, 2H), 4.18 (bd, J = 5.8 Hz, 2H), 3.87 (bq, 2H), 2.35 (t, J = 7.2 Hz, 3H). UVVis-NIR λmax (nm): 298, 397, 550, 1143, 1190, 1405, 1645, 1727, 1743, 1770, 1901. MALDITOF MS (m/z): calcd. 1534.864 [M]+, 1534.720 found [M]+.

Figure 2.13:

1

H NMR of 54 in CS2:CDCl3 at 298 K.
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Despite the paramagnetic properties of cerium metal atom, it was possible to obtain a
clear proton NMR that exhibited an AB quartet system for the protons of the pyrrolidine ring that
can only correspond to a [5,6]-addition pattern on the Ih-C80 cage (Figure 2.13) because the
chemical environment of Ha and Hb are different. The plane of symmetry intersects the addition
site; one set of protons sits on top of a six-membered ring and the other on top of a fivemembered ring (Figure 2.14).

[6,6]
[5,6]
Figure 2.14: Possible addition patterns to EMFs (blue: [6,6]-junction; red: [5,6]-junction; grey
dash line: plane of symmetry).

Electrochemical Properties. The redox properties of 54 and its pristine form were
studied by cyclic voltammetry (Figure 2.15) and square wave voltammetry (Figure 2.16) using a
three-electrode set up as detailed previously in this dissertation. The cyclic voltammogram of
CeLu2N@C80 (Figure 2.14a) exhibited three irreversible reduction processes at -1.45, -1.88 and 2.38 V and one reversible oxidation process at +0.020 V.
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Figure 2.15: Cyclic voltammograms of the pristine CeLu2N@C80 and 54. (0.05 M TBAPF6/oDCB, scan rate: 100 mV/s, Fc/Fc+ as internal reference).

The low reversible oxidation potential of CeLu2N@C80 is explained by the valence state
of the cerium atom (CeIII) with one localized 4f-electron. Computational studies suggested that
the removal of the 4f-electron is more energetically favored than the oxidation of the carbon
cage, which is usually the case in EMFs.163 CeLu2N@C80 is the only EMF exhibiting redox
activity based on the cerium metal atom (CeIII ⇌ CeIV). The observed low oxidation potential
(+0.02 V) for CeLu2N@C80 makes it a potential candidate as an electron donor in photovoltaic
devices. The latter observation is even more pronounced upon functionalization, with a cathodic
shift of 109 mV for compound 54. On the other hand, the cathodic behavior of CeLu2N@C80 is
similar to other non-Sc M3N@C80. Interestingly, the three reduction processes became reversible
after functionalization of the mixed metallic endohedral cage. Furthermore, the electrochemical
HOMO-LUMO gap decreases significantly for 54 (1.19 V) when compared to the pristine cage
(1.47 V).
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Figure 2.16: Square wave voltammetry of 54. (0.05 M TBAPF6/o-DCB, scan rate: 100 mV/s,
Fc/Fc+ as internal reference).
This constitutes the first functionalization of the mixed metallic EMF, CeLu2N@C80. It
will be interesting to observe the effects of a second addition to CeLu2N@C80 in the
electrochemical properties and in the regioselectivity of the second addition relative to the
incarcerated cluster. We are currently working on the preparation of bis-adduct derivatives of
mixed metallic endohedral fullerenes to have a better understanding of how mixed metallic
clusters affect the exohedral functionalization.
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2.4

ELECTROCHEMICAL ACTIVATION OF SC3N@IH-C80
As discussed before, the exohedral functionalization of endohedral fullerenes strongly

depends on the incarcerated atoms or clusters in the cage. Sc3N@Ih-C80 is the third most
abundant fullerene, which makes it a target of interest to study new functional derivatives and
explore their applications in different fields, such as in materials science.145,164-166 However,
Sc3N@Ih-C80 is the least reactive fullerene and its functionalization often requires harsh
conditions, such as high temperatures and/or the addition of excess reagents to obtain the desired
functionalized compounds. Several cycloaddition reactions have been explored with Sc3N@IhC80, such as thermal 1,3-dipolar cycloadditions,167-169 cyclopropanation,170 Diels-Alder,171-173 and
[2+2]-additions.174,175 These reactions often afford multiple isomers that are difficult to separate
using conventional chromatographic methods, thus requiring solvent and time consuming HPLC
separations. Consequently, it is necessary to explore selective synthetic methodologies for the
preparation of specific TNT-EMF derivatives, otherwise not available by conventional methods.
The preparation of diastereo- and enantiospecific fullerene derivatives has been
extensively explored with empty fullerenes–C60 and C70–with only two examples of such
reactions on endohedral fullerenes.176-178 Martín et al. have developed an effective methodology
for the preparation of highly diasterero- and enantioselective catalytic 1,3-dipolar cycloadditions
with N-metalated azomethine ylides.176,179,180 The latter methodology catalyzed by a chiral
copper complex was applied to a racemic mixture of the non-isolated pentagon rule (non-IPR)
La@C72(C6H3Cl2), affording the first chiral bis-adduct–and first endohedral fullerene–of nonIPR La@C72 producing only eight enantiopure bis-adducts.181 Unfortunately, this methodology
could not be applied to Sc3N@Ih-C80 because its high lying LUMO energy inhibits the reaction
mainly due to an increase in the activation energy when compared to empty fullerenes (e.g. C60)
or other low lying LUMO energy endohedral fullerenes (Figure 2.17).
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Figure 2.17: Pictorial representation of the molecular orbital energies of Sc3N@Ih-C80, C60 and
N-metalated azomethine ylide.

In this type of reaction the LUMO energy of the dipolarophile (in our case the fullerene
cage) should be close enough to the HOMO energy of the dipole (the N-metalated azomethine
ylide) for the reaction to proceed. Thus, the LUMO energy of Sc3N@Ih-C80 needs to be lowered.
Hypothetically, if Sc3N@Ih-C80 is oxidized its LUMO energy should be low enough to react with
N-metalated azomethine ylides. This prompted us to study the reactivity and the role of the
cation radical of Sc3N@Ih-C80 as an electrophile in diastereoselective 1,3-dipolar cycloaddition
reactions.
Chemical methods for the oxidation or reduction of fullerenes have been widely applied
mainly with empty cages. Nevertheless, the control over the state of oxidation or reduction is
often not possible and can lead to a mixture of products. Instead, electrochemical methods offer
complete control over the state of oxidation and reduction of the species because control over the
applied potential (E) and charge (Q) transferred to the analytes is possible. The first example of
electrochemically generated anionic fullerenes was reported by Caron, et al. in 1993 for the
selective electrosynthesis of a dimethyl C60 derivative.182 This methodology has been used as an
alternative method for the functionalization of fullerenes since then.183-187 Predominantly anionic
fullerenes have been studied because of their relatively low reduction potentials. For example, Li
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et al. studied the reactivity of the dianion of Sc3N@Ih-C80 and Lu3N@Ih-C80 with an excess of
PhCHBr2, obtaining the first endohedral fullerene derivative of Lu3N@Ih-C80 synthesized by an
electrochemical method but no reaction was observed for [Sc3N@Ih-C80]2-. The latter observation
demonstrates that the incarcerated cluster plays an important role in the exohedral reactivity of
these endohedral cages.188 In 2012, the same group studied the reactivity of the trianion of
Sc3N@Ih-C80 in the presence of the same electrophile, PhCH2Br, and the desired product was
obtained. Theoretical calculations revealed that the HOMO of [Lu3N@Ih-C80]2- and [Sc3N@IhC80]3- was mainly localized on the cage while that of [Sc3N@Ih-C80]2- was mainly localized on
the inner cluster, hence explaining the differences in reactivity.189
The work presented here is the first example of the use of the cation radical of Sc3N@IhC80 as an electrophile for diastereoselective 1,3-dipolar cycloaddition reactions.

2.4.1

Theoretical Calculations
Theoretical calculations were used to obtain the HOMO-LUMO energy levels of both the

neutral and oxidized forms of Sc3N@Ih-C80. The calculations were done with Gaussian® using
the B3LYP method and 6-31G* as the basis set. Structure optimization and molecular orbital
energies were calculated. Figure 2.17 shows the HOMO-LUMO energies for Sc3N@Ih-C80 and
[Sc3N@Ih-C80]+. As expected, the LUMO energy of [Sc3N@Ih-C80]+ is considerably lower than
that of its neutral form. Therefore, the diastereoselective 1,3-dipolar cycloaddition catalyzed by
N-metalated azomethine ylides should proceed using [Sc3N@Ih-C80]+ as the dipolarophile.
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Figure 2.18: Calculated MO energies for neutral Sc3N@Ih-C80 and [Sc3N@Ih-C80]+. (Note:
optimized structures)

The LUMO for Sc3N@Ih-C80 is mainly localized on the trimetallic nitride cluster and the
LUMO of [Sc3N@Ih-C80]+ is mainly localized on the carbon cage (Figure 2.19).

Neutral cage - LUMO
Energy: -0.10801 AU : -0.00397 eV

Radical cation cage - LUMO
Energy: -0.27832 AU: -0.01023 eV

Figure 2.19: Molecular orbital map.
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2.4.2

Diastereoselective synthesis through chemical oxidation of Sc3N@Ih-C80
Chemical oxidation of Sc3N@Ih-C80 to [Sc3N@Ih-C80]+ was achieved by using the strong

one-electron oxidant tris(4-bromophenyl)ammoniumyl hexachloroantimonate, also known as
“Magic Blue” for its deep blue color (Figure 2.19). The purpose of chemically generating
[Sc3N@Ih-C80]+ was to compare if different products were obtained depending on the oxidation
method used.

Figure 2.20: Synthetic route for the preparation of 56 through chemical oxidation. (Note:
optimized structures)

Synthesis of cis-[5,6]-Sc3N@Ih-C80-fulleropyrrolidine (56). Titration of a solution of
“Magic Blue” (1.4 mg, 1.6 μmol) in o-DCB:AcCN (4:1) with Sc3N@Ih-C80 (2.0 mg, 1.8 μmol)
was performed over the course of 30 minutes (see Figure 2.21). After the complete addition of
the metallofullerene the resulting mixture was stirred for an additional 30 minutes with
sonication. While the chemical oxidation was ongoing, a suspension of AgOAc (2.75 mg, 18
μmol) and dppe (7.17 mg, 18 μmol) in 2 mL of anhydrous o-DCB:AcCN (4:1) was stirred for
one hour shielded from light under Ar atmosphere. Then, iminoester 55 was added and the
reaction was stirred for an additional 30 minutes (compound 55 was prepared following reported
procedures)190. After the chemical oxidation of Sc3N@Ih-C80 was completed, the mixture of
AgOAc, dppe and 55 was transferred via cannula and the reaction was stirred for 24 h. The
resulting reaction mixture was washed with a saturated aqueous solution of NH4Cl and dried
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over MgSO4.The solvent was removed under reduced pressure and the resulting solid
chromatographed on SiO2 gel using first CS2 to elute the unreacted Sc3N@Ih-C80 which co-eluted
with a N,N’-4-bromophenylaminobenzyl adduct followed by CHCl3:CS2 (2:1) to elute the desired
product. 1H NMR (700 MHz, CDCl3, 298K): δ (ppm) = 7.58 (d, J = 8.6 Hz, 2H), 7.07 (d, J = 8.7
Hz, 2H), 4.60 (d, J = 10.3 Hz, 1H), 4.47 (d, J = 9.6 Hz, 1H), 4.12 (s, 3H), 3.96 (s, 3H). MALDITOF MS (m/z): calcd. 1315.960 [M]+, found 1314.902 [M-H]+.

Sc3N@Ih-C80

“Magic Blue”

Figure 2.21: Titration of “Magic Blue” with Sc3N@Ih-C80

During the course of “Magic Blue” titration with Sc3N@Ih-C80 a color change
qualitatively confirmed that the oxidation of the endohedral fullerene was taking place. As
shown in Figure 2.21, a solution color change from deep blue to yellow-brown occurred. After
transferring the metal salt and ligand, the reaction was stirred for approximately 24 hours without
heating. It is important to mention that if heating is applied, the reaction will be driven by
thermal energy and not by the asymmetric catalyst and will follow a conventional 1,3-dipolar
cycloaddition reaction mechanism. After column chromatography, the collected fractions were
injected in a recycling HPLC and the resulting chromatogram for the fraction corresponding to
56 along with the MALDI-TOF-MS spectrum is shown in Figure 2.22a. As depicted in the
chromatogram, the pristine Sc3N@Ih-C80 cage was also observed. Pyrrolidine adducts tend to be
unstable on endohedral fullerenes and retro-cycloadditions are commonly observed.
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The 1H NMR spectrum of the isolated compound 56 exhibits an AB quartet pattern for
the pyrrolidine protons (Figure 2.22b). This observation is in agreement with a cis-pyrrolidine
ring, as expected, since AgOAc was used as the metal salt for the formation of the N-metalated
azomethine ylide.179 Therefore, we were successful in performing a diastereoselective addition to
the least reactive fullerene, Sc3N@Ih-C80.

Figure 2.22: (a) HPLC chromatogram of 56 and the MALDI-TOF MS spectrum, and (b) 1H
NMR of 56 at 700 MHz in CS2:CDCl3 at 298K.

2.4.2

Diastereoselective synthesis through electrochemical oxidation of Sc3N@Ih-C80
Electrochemically oxidized EMF species have not been for the preparation of new

derivatives. The potential for obtaining new insights about the reactivity of electrochemically
oxidized species was part of the driving force behind this work.
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Figure 2.23: Synthetic route for the preparation of 56 through electrochemical oxidation.
(Notes: optimized structures; CPE = controlled potential electrolysis)

Synthesis of cis-[5,6]-Sc3N@Ih-C80-fulleropyrrolidine (56). Using controlled potential
electrolysis, a sample of Sc3N@Ih-C80 (2.0 mg, 1.8 μmol) was electrochemically oxidized at +1.2
V versus a Ag/AgNO3 reference electrode in 0.05 M of n-Bu4NPF6/o-DCB:AcCN (4:1) under a
continuous flow of Argon in an H-cell (Figure 2.24). While the electrolysis was ongoing, a
suspension of AgOAc (2.75 mg, 18 μmol) and dppe (7.17 mg, 18 μmol) in 2 mL of anhydrous oDCB:AcCN (4:1) was stirred for one hour, while shielded from light under an Ar atmosphere.
Then, iminoester 55 was added and the reaction was stirred for an additional 30 minutes. After
the electro-oxidation of Sc3N@Ih-C80 was completed, the potentiostat was turned off and the
mixture of AgOAc, dppe and 55 was transferred via cannula to the H-cell and the reaction was
stirred for 24 h. The resulting reaction mixture was washed with a saturated aqueous solution of
NH4Cl and dried over MgSO4. The solvent was removed under reduced pressure and the
resulting solid chromatographed on SiO2 gel using first CS2 to elute the unreacted Sc3N@Ih-C80
followed by CHCl3:CS2 (2:1) to elute a mixture of products that were analyzed and isolated using
HPLC. UV-Vis-NIR (Toluene) λmax (nm): 361, 555, 1152, 1410, 1860, 1897. MALDI-TOF MS
(m/z): calcd. 1315.960 [M]+, found 1313.700-1314.706 [M-H]+.
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Figure 2.24: Electrochemical set up for the CPE of Sc3N@Ih-C80.

We calculated the required charge (Q) to convert the bulk material (Sc3N@Ih-C80) to its
oxidized form. The following process and equations were used to calculate Q:
1 mmol

2.9 mgSc3N@Ih-80 1109.730 mg =0.002617 mmol

2.617 x 10-6 mol e-

2.617 x 10-6 F
0.2525 C
3600 s

1F
= 2.617 x 10-6 F
1 mol e-

96485 C
= 0.2525 C
1F

Equation 2

Equation 3

Equation 4

= 7.0 x 10-5 A

Equation 5

To guarantee that the bulk solution was completely oxidized it was important to
determine the oxidation potential for the CPE. Figure 2.25 shows the cyclic voltammogram of
Sc3N@Ih-C80, as illustrated the half wave potential for the first oxidation process is +1.12 V vs
Ag/AgNO3. We added 200 mV to the half-wave (or peak) potential of the processes of interest as
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the electrolysis potential for complete electrooxidation. The selected potential for the CPE was
+1.3 V.
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Figure 2.25: Cyclic voltammogram of Sc3N@Ih-C80. (0.05 M n-Bu4NPF6/o-DCB:AcCN, scan
rate: 100 mV/s)

The controlled potential electrolysis was performed in an H-cell equipped with two
platinum mesh electrodes as working and counter electrodes and a Ag/AgNO3 non-aqueous
reference electrode (see Figure 2.24). Figure 2.26 shows the charge (Q) vs time (min) plot and
the expected decay of the curve to a limiting plateau value. When there are no more species to be
oxidized the Q becomes constant and the bulk electrolysis is completed.
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Figure 2.26: (a) Current and (b) charge as a function of time during the CPE of Sc3N@Ih-C80.

After the CPE was completed the potentiostat was turned off and the mixture of AgOAc,
dppe and 55 was transferred through cannula to the H-cell and stirred for 24 hours. After work
up, the resulting crude mixture was purified by HPLC using a 5-PBB (4.6ID x 250mm) column
at a flow rate of 1.2 mL/min using toluene as the eluent (Figure 2.27).
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Figure 2.27: HPLC profile of crude mixture for the electrosynthesis of 56.

Three fractions were collected and analyzed by MALDI-TOF MS. The first two fractions
showed the molecular ion peaks corresponding to the exact mass of 56 but also to the exact mass
of the possible pyrroline derivative 57. We believe that a mixture of [5,6]-pyrrolidine and [5,6]pyrroline is present in the isolated peaks, based on the isotopic distributions observed (see Figure
2.28).
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Figure 2.28: (a) MALDI-TOF MS spectra of the HPLC collected fractions and (b) the
calculated isotopic distribution of pyrrolidine 56 and the possible pyrroline derivative. The sum
of both calculated distributions is comparable to the experimental observation.

Figure 2.28b illustrates the calculated isotopic distribution for the two possible
derivatives, 56 and pyrroline. The isotopic distribution of both the pyrrolidine and pyrroline
exhibits the first two peaks with similar intensities but when compared to the experimental
isotopic distribution observed (green) this trend is not followed, instead the first peak showed a
lower intensity than the second peak. Thus overlapping spectra could explain the observed
experimental distribution. Therefore we modeled the isotopic distribution for a 1:1 mixture of 56
and the pyrroline derivative (blue). The resulting isotopic distribution matches the experimental
observations closely, thus that a mixture of 56 and pyrrolidine are likely present. However,
further characterization techniques will need to be applied to confirm the presence of both
compounds.
Spectroscopic techniques, such as 1H NMR to compare the obtained product with that of
the chemical oxidation is underway since not enough material was recovered from this reaction
mainly due to the limited amount that can be obtained in an H-cell. However, it is clear that by
using electrochemical oxidation more than one product is observed by HPLC when compared

136

with the chemical oxidation method (Figure 2.21a and Figure 2.26). In conclusion, the radical
cation of Sc3N@Ih-C80 was used as an electrophile in cycloaddition reactions successfully.

2.5

CONCLUSION AND RECOMMENDATIONS
The successful synthesis, characterization and immobilization of the OE(Ni)IIP derivative

49 on silica resulted in promising results for the separation of fullerenes, mainly for the
separation of endohedral fullerenes from empty cage fullerenes. It is necessary to scale-up the
immobilization of 49 on SiO2 gel and to prepare different loading ratios of 49:SiO2 to study the
effects on the separation of fullerenes in the future.
The potential use of STM tip-immobilized Gd3N@C80 as a spin-label to detect NVC is
proposed. It should be a superior spin-label material because it possesses three Gd atoms
compared with the materials currently in use that simply possess one Gd atom; Gd3N@C80
should increase the sensitivity of detection. The synthesis and characterization of both thiol
terminated C60 (53) and Gd3N@C80 (52) derivatives was successful. The C60 derivative (53) will
be used as a control for the attachment to the STM tip and to optimize the conditions prior to the
attachment of 52 mainly because of the limited quantity of the Gd3N@C80 derivative.
Mixed metallic nitride endohedral fullerenes are very interesting compounds because of
their potential dual properties. Their functionalization and how the incarcerated cluster affects it
has not been explored for CeLu2N@C80. The reaction of CeLu2N@C80 with N-ethylglycine is the
first example of an exohedral functionalization on this fullerene cage. The high reaction yield
(71%) suggests that it is more reactive than TNT-EMFs such as Sc3N@Ih-C80. Additionally,
interesting redox behavior was observed in the cathodic region and the decrease in the
electrochemical band gap is much more pronounced in this cage that in other non-Sc EMF cages.
Potential application of this mixed metallic nitride endohedral fullerene in photovoltaic devices
is foreseen.
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Finally, the chemical and electrochemical generation of [Sc3N@Ih-C80]+ and its use as an
electrophile in a catalytic 1,3-dipolar cycloaddition successfully constitute on the first example
using the radical cation of Sc3N@Ih-C80 to date. The chemical method afforded enough material
to be characterized by 1H NMR and the diastereoselectivity observed for the empty cages was
observed in the EMF cage, the cis-isomer was the only observed product and the addition
occurred at a [5,6]-junction. When the chemical oxidation method is compared to the
electrochemical one it was observed that more products were formed with the electrochemical
oxidation and these corresponded to the exact mass of the product of interest. However, the
isotopic distribution observed suggested that a possible mixture of pyrrolidine and pyrroline is
present. Therefore, it can be suggested that some chemoselectivity for the addition exists
depending on the oxidation method.
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Chapter 3: Electrochemical Studies
Electrochemistry is a very useful technique to study the redox properties of electroactive
materials. Fullerenes possess rich electrochemical properties and their electrochemical behavior
is of high interest in several fields, such as in photovoltaics. The study of electron donor-electron
acceptor (D-A) systems that mimic photo-induced electron transfer processes similar to those in
photosynthesis is very useful for their implementation in photovoltaic devices. As a general
requirement, D-A systems should have strong light harvesting properties, and generate chargeseparated states with long lifetimes after irradiation. Therefore, careful design of D-A systems is
necessary to fulfill all the requirements, especially the long lived charge-separated states. In this
chapter, the electrochemical study of electroactive fullerene-based D-A system and
photochromic D-A adducts is discussed.

3.1
GEOMETRIC INFLUENCE ON INTRAMOLECULAR PHOTOINDUCED ELECTRON TRANSFER
IN PLATINUM(II) ACETYLIDE-LINKED DONOR–ACCEPTOR ASSEMBLIES
The content presented here is a modified version of the following article (See Appendix
H for the copyright letter):
Molina-Ontoria, A.; Rivera-Nazario, D. M.; Tigreros, A.; Ortiz, A.; Nuñez, J. E.;
Insuasty, B.; Lueders, D.; Wolfrum, S.; Guldi, D. M.; Echegoyen, L. Chemistry – A European
Journal 2014, 20, 11111-11119.

Introduction. Considerable conceptual and experimental effort has been devoted to
mimic the photoinduced electron-transfer processes that occur during the initial steps in
photosynthetic systems.191-194 The utilization of artificial D–A systems in optoelectronic devices
requires efficient light harvesting and conversion into power, and equally efficient electron and
hole-transport properties.195,196 Upon illumination, the artificial D–A system must achieve
efficient charge transfer leading to a long-lived charge separated state (D+–A-). To achieve this
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goal, careful design of the donor, the acceptor and the nature of the spacer that links the
electroactive moieties is necessary.197,198
The optical and electronic properties of conjugated molecules undergo dramatic changes
when a heavy atom is incorporated in the system. It is known that platinum acetylide complexes
exhibit a large spin-orbit coupling (SOC) that facilitates a fast intersystem crossing from the
singlet excited state to the triplet excited state.199 Thus, platinum acetylide complexes are very
promising candidates as donors for bulkheterojunction (BHJ) solar cells,200-205 exhibiting
efficiencies up to 4.1%.206 More recently, they have also been used in dye-sensitized solar cells
(DSSC).207-209 Furthermore, platinum acetylide complexes have been extensively used as
organogelators,210-213 in nonlinear optical applications, in electroluminescent devices213-215 and as
sensors.
Inclusion of the platinum atom in donor–bridge–acceptor (D–B–A) systems limits the
conjugation, however some overlap of the platinum d orbitals and the alkyne p orbitals occurs
which facilitates electronic delocalization.203 Effective electron transfer through a platinum(II)
diacetylide bridge was demonstrated in 2003 by Kushmerick et al. by measuring the conductance
of a single molecule junction.216 Later, Okada developed a D–cis-Pt–A system, which exhibited
long lifetimes for the charge-separated state (CS; 839 ns in toluene), thus minimizing the SOC
effect.217,218 These multicomponent systems σ-bonded to the PtII centers have been connected to
different electron donors, such as porphyrins,219 phthalocyanines220 or bodipy221 moieties resulting
in efficient energy transfer processes. Triphenylamines are one of the most used moieties in D–
B–A conjugated systems166 because of their three-dimensional propeller structure, which is
beneficial for improving solution processability, strong electron-donor properties and excellent
hole-injection and transport properties via radical cation species. In addition, triphenylamines
have been widely explored as active components for the preparation of high-performance dyesensitized solar,60,222-225 solution-processable small-molecule donors for bulk-heterojunction solar
cells226-228 and for light-emitting diodes (OLEDs).229,230 It has been demonstrated that changing the
nature of the acetylide ligand and the geometry complex can have a strong impact in the
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photophysical properties of similar compounds.231,232 Based on these facts, in this study we report
the synthesis and photophysical behavior of D–B–A conjugates in which D is a triphenylamine
fragment, A is C60, and B is a square-planar platinum linker, either cis-Pt (Figure 3.1) or trans-Pt
(Figure 3.2).
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Results and Discussion. The synthetic pathway for the preparation of the s-bonded PtII
acetylide electron donor–acceptor conjugates 64 and 65 was conducted by stepwise approaches
to obtain asymmetrically substituted derivatives, which involves the assembly of the 4ethynyltriphenylamine with the corresponding PtII complexes (trans or cis) in the presence of
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catalytic amounts of CuI and diisopropylamine in THF. This was followed by a second catalyzed
dehydrohalogenation coupling reaction with 4-ethynylbenzaldehyde, to yield 59 and 62. Finally,
64 and 65 were obtained in moderate yields as brown solids using 1,3-dipolar cycloaddition
reactions of the corresponding azomethine ylides, generated in situ in toluene from sarcosine and
aldehydes 59 or 62 (Scheme 1).
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Figure 3.3: Synthesis of 64 and 65. Reagents and conditions: (i) 3, trans-PtCl2(PEt3)2 or cisPtCl2(PEt3)2, CuI, THF, iPr2NH, reflux, 7 h, y=47 and 52%, respectively; (ii) 4ethynylbenzaldehyde, CuI, THF, NEt3, reflux, 7 h, y=66–71 %; (iii) 59 or 62, C60, sarcosine,
chlorobenzene, reflux, 5 h, y=32–35%. Adapted from Molina-Ontoria, A., et al., Chemistry – A
European Journal, 2014, 20, 11111.26 (See Appendix H for copyright letter).	
  

We also synthetized compounds 60 and 63 as references for the electrochemical studies
to shed light on the electronic interaction between the donor and the acceptor. The synthesis was
performed by assembling the 4-ethynylbenzaldehyde with the corresponding trans- or cis-PtII
complexes, followed by 1,3-dipolar cycloadditions with C60, to obtain 60 and 63.
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Complete structural characterization of 64, 65 and the corresponding intermediates and
the reference compounds was accomplished using spectroscopic techniques such as 1H NMR, 31P
NMR, IR, UV/Vis spectroscopy, and mass spectrometry (MALDI-TOF). The 1H NMR and 13C
NMR spectra reveal the expected resonance signals of the aliphatic and aromatic protons and
carbons. The 31P NMR displayed sharp singlets at 11.8 and 11.7 ppm for 65 and 64, respectively,
which were slightly shifted upfield relative to the starting platinum compounds 62 and 59 (for
more details see the Experimental Section). The presence of C60 was also confirmed by FTIR
spectra, showing the characteristic frequency at 525 cm-1 and those of the alkynes around 2100
cm-1, while the carbonyl peak appeared at 1700 cm-1 for the precursors. In addition, the presence
of 64 and 65 were corroborated by MALDI-TOF mass spectrometry, which clearly showed the
molecular ion peak [M]+ at 1575 m/z.
The geometrical optimizations and the ground electronic states of complexes 64 and 65
were simulated by density functional theory (DFT) using Gaussian09 (see the Experimental
Section). The specific DFT methods used include Becke’s exchange (B3) functional, in
conjunction with the Lee–Yang–Parr (LYP) correlation functional, commonly known as the
B3LYP method. The basis set used in all calculations was LANL2DZ, an effective core potential
(ECO) basis set that was used to provide some corrections for the scalar relativistic effects of the
Pt atom.233
The results of the structural optimizations for complexes 64 and 65 showed, as expected,
a well-defined difference in the geometrical distributions of the ligands linked to the platinum
core, with angles between the phenyl rings attached to the metal of 179.28° in 64 and 85.18° in
65. There is a notable change in the distance between the nitrogen of the triphenylamine group
and the fullerene moiety going from the trans isomer (18.1 Å) to the cis isomer (12.1 Å), which
could play an important role in the electron transfer properties (Figure 3.4).
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Figure 3.4: Geometries optimization at DFT-B3LYP-LanL2DZ level of 64 and 65.
Reproduced from Molina-Ontoria, A., et al., Chemistry – A European Journal, 2014, 20,
11111.26 (See Appendix H for copyright letter).

The results of the ground state electronic structure calculations were used to generate the
frontier molecular orbital (FMO) electron density of the two highest occupied molecular orbitals
(HOMO and HOMO-1) and of the two lowest unoccupied molecular orbitals (LUMO and
LUMO+1) as shown in Figure 3.5. In general, the electron density of the HOMO includes
contributions mainly from the triphenylamine unit with a small contribution from the platinum d
orbitals, whereas the density of the HOMO-1 includes contributions from the platinum and the
aryleneethynylene ligands. These results reveal some conjugation between the triphenylamine
and the platinum acetylide groups. On the other hand, their LUMO and LUMO+1 densities are
located exclusively on the fullerene C60 moiety, due to the high acceptor capability of the latter.
There is no isomeric influence in the topology of the FMOs. In contrast, the energy levels were
somewhat affected when going from the trans to the cis geometry (Table 3.1).
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Figure 3.5: Molecular orbital calculations at DFT-B3LYP-LanL2DZ level of 64 and 65.
Reproduced from Molina-Ontoria, A., et al., Chemistry – A European Journal, 2014, 20,
11111.26 (See Appendix H for copyright letter).

Table 3.1: Theoretical energetic levels of compounds 64 and 65. Reproduced from MolinaOntoria, A., et al., Chemistry – A European Journal, 2014, 20, 11111.26 (See
Appendix G for copyright letter).
Compound
64
65

HOMO
(eV)
-4.79
-4.69

HOMO-1
(eV)
-5.38
-5.53

LUMO
(eV)
-3.60
-3.56

LUMO+1
(eV)
-3.51
-3.39

The optical properties of compounds 64 and 65 were analyzed by ultraviolet–visible
absorption. Figure 3.6 shows the optical absorption spectra of the trans-TPA–Pt–C60 (64) and for
the reference compounds such as 4-ethynyltriphenylamine (57), compound 62, and 61 in diluted
dichloromethane solutions (optical absorption spectrum of 65, inset Figure 3.6). The assembly of
the triphenylamine with the platinum (61 and 58) displayed red-shifted absorptions centered at
350 nm, and a shoulder at 312 nm with respect to the 4-ethynyltriphenylamine (329 nm).
Interestingly, increasing the overall length by assembling the 4-ethynylbenzaldehyde in 62 and
59, results in an intramolecular push–pull effect and therefore, bathocromically shifted
absorptions were observed, at 366 and 362 nm, respectively, due to the weak electronwithdrawing effect of the aldehyde, accompanied by an increase of the extinction coefficient.
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The latter suggests that the π-conjugation through the platinum(II) is limited, but intact. For the
D–B–A systems 64 and 65, the characteristic absorptions of the C60 moiety appear at 430 nm and
in the UV–visible region (250–340 nm) which are partially masked by the stronger absorption of
the triphenylamine unit. The absorption properties of the trans configuration are similar to those
of the cis; for example, both exhibit a broader and blue-shifted maxima with respect to
precursors 62 and 59, due to the insertion of the C60 at 356 and 354 nm, respectively. Slightly
lowered band-gaps were obtained for 64 and 65 (0.3 eV) relative to the pure donor 4ethynyltriphenylamine (57), which is indicative of weak electronic interactions between the
electroactive moieties in the ground state.206

Figure 3.6: Room temperature absorption spectra of 64 (solid line) and reference compounds
4-ethynyltriphenylamine (dashed line), 61 (dotted line) and 62 (solid grey line) in
dichloromethane solutions. Inset: Room temperature absorption spectra of 65 and reference
compounds 4- ethynyltriphenylamine, cis-Pt-TPA (58) and 59 in dichloromethane solutions.
Adapted from Molina-Ontoria, A., et al., Chemistry – A European Journal, 2014, 20, 11111.26
(See Appendix H for copyright letter).

Electrochemical studies were conducted to probe the electronic coupling between the
donor and the acceptor in the ground state. The electrochemistry of TPA–Pt–C60 conjugates 64
and 65 was studied by cyclic voltammetry (CV) and differential pulse voltammetry (DPV) in
0.1M TBAPF6/CH2Cl2 at a scan rate of 100 mVs-1. Table 3.2 summarizes the redox potentials for
64 and 65 along with those for their respective reference compounds. Figure 3.7 shows the CVs
146

for 64, 62, 65, and 59 and reference compounds. The cyclic voltammograms of 64 and 65 reveal
three one-electron reversible reductions corresponding to C60 centered processes. On the
oxidative scan, two oxidation processes were observed for 64, which correspond to the
triphenylamine donor (reversible) and to the platinum bridge (irreversible) at +0.24 and +0.84 V,
respectively. The second oxidation potential is tentatively assigned to a two-electron oxidation
process arising from the platinum bridge and the triphenylamine moiety.

Figure 3.7: Cyclic voltammograms of (a) cis- 57-60 and 65 and (b) trans- 61-63 and 64.
Adapted from Molina-Ontoria, A., et al., Chemistry – A European Journal, 2014, 20, 11111.26
(See Appendix H for copyright letter).

The same observation was made for 65, with two oxidations at +0.28 (reversible) and
+0.88 V (irreversible). Again, the second oxidation is tentatively assigned to a two-electron
process. The presence of the platinum atom in 62 and 59 produces a noteworthy cathodic shift of
more than 300 mV for the TPA moiety when compared to 57. The latter suggests that the
platinum bridge increases the TPA electron-donating ability and that a strong binding with the
metal center occurs. Similarly, the first reduction of 64 and 65 are cathodically shifted 90 and 30
mV, respectively, when compared to the reference compounds (63 and 60). The latter
observation corroborates that electronic interaction in the ground state is occurring through the
platinum metal center in which the trans geometry is favored. In line with steady state absorption
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studies, the electrochemical studies confirm that the band-gap is narrower for 64 and 65 relative
to 63 and 60, which is a clear indication of significant interactions between the donor and the
acceptor in the ground state.

Table 3.2: Electrochemical data of trans- (64) and cis-TPA-C60 (65) dyads and their
corresponding reference compounds. Adapted from Molina-Ontoria, A., et al.,
Chemistry – A European Journal, 2014, 20, 11111.26 (See Appendix H for copyright
letter).
Compound

HOMOLUMO
gapb (V)

Potential vs Fc/Fc+ (V)
Eox2

57
+0.95a
2.03

59
65

1.47

61
63

a
b

Ered2

Ered3

-1.16

-1.55

-2.07

-1.19

-1.56

-2.09

-1.17

-1.56

-2.08

1.50

-1.26

-1.65

-2.16

+0.32
+0.87

+0.86a

+0.25

+0.88a

+0.28

+0.90a

+0.28

1.97

62
64

Ered1

+0.58

58
60

Eox1

+0.80
+0.87a

+0.27

+0.84a

+0.24

Oxidative peak potential (Epc).
HOMO-LUMO: ∆E=Eox1-Ered1
In order to obtain further insights into the nature of the interactions between the TPA and

the C60 in the excited state, emission and transient absorption measurements of 64 and 65 with
respect to their reference compounds were performed in toluene (Figure 3.8a). To this end, we
measured the fluorescence upon excitation at 350 nm under deoxygenated conditions as shown
in Figure 3.8b. For 62 and 59, we observed an emission maximum at 419 and 505 nm in both
cases.
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Figure 3.8: Room temperature fluorescence spectra of 64 and 65 and reference derivatives 62
and 59 at 350 nm in (a) Toluene and (b) THF; 64 (dashed line) and 65 (grey dashed line) and
reference derivatives 62 (solid line) and 59 (grey solid line). Adapted from Molina-Ontoria, A.,
et al., Chemistry – A European Journal, 2014, 20, 11111.26 (See Appendix H for copyright
letter).

The former emission arises from 1π–π*, while the latter is attributed to a phosphoresce
phenomenon from 3π–π*, which is essentially located on the TPA.234 The fluorescence quantum
yields are 2.06 x 10-3 for 62 and 1.42 x 10-3 for 59. No significant effects were observed when
increasing the polarity of the solvent (THF).
Inspecting the fluorescence features of the TPA in the D–B–A (64 and 65) systems
provides the first indication about the deactivation mechanism of the excited state. Upon
excitation at 350 nm, the TPA fluorescence is strongly quenched (Φ = 5.1 x 10-5 for 64 and Φ =
4.4 x 10-5 for 65) which indicates that the excited-state interactions between the electrondonating TPA and the electron-accepting C60 are significantly strong. In addition, increasing the
solvent polarity results in a rather strong quenching of the TPA fluorescence (Φ = 4.4 x 10-5 for
64 and Φ = 3.7 x 10-5 for 65), which suggests a charge-transfer process as a deactivation pathway
(Figure 3.8b). In line with these results, the cis configuration results in a stronger TPA
fluorescence quenching when compared with that of the trans configuration, which implies
stronger interactions between the electroactive moieties in the excited state, possibly as a result
of a shorter through-space distance between the TPA and C60 moieties.
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Further spectroscopic evidence of the deactivation processes evolving from the excited
states by means of charge-transfer and/or energy-transfer mechanism, were obtained from
complementary transient absorption measurements. In pump-probe experiments with references
62 and 59, we note the immediate formation of a transient spectrum, which exhibits maxima at
590, 690, 800, and 1025 nm (Figure 3.9). These features correspond to the singlet excited state of
either 62 or 59 in, for example, THF or benzonitrile. As time progresses, the latter transients
turned out to be short-lived, owing to the fact that they are transformed with lifetimes of
200(±10) and 230(±10) ps for 62 and 59, respectively, into the corresponding triplet excited
states via intersystem crossing. The new features, which correspond to the triplet excited state,
appear at 555 nm as a shoulder and 600, 800, and 915 nm maxima.

Figure 3.9: Upper plot: differential absorption spectra (visible and near-infrared) obtained
with femtosecond pump-probe experiments (387 nm) of 59 (10-5 M) in benzonitrile with time
delays between 0.1 and 6749.9 ps at room temperature. Lower plot: time absorption profiles of
the spectra shown in the upper part at 600 (black spectrum) and 700 nm (grey spectrum)
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monitoring the excited-state decay. Reproduced from Molina-Ontoria, A., et al., Chemistry – A
European Journal, 2014, 20, 11111.26 (See Appendix H for copyright letter).

For electron D–B–A conjugates 64 and 65, photoexcitation at 387 nm leads to an
instantaneous development of transient features that resemble those seen for reference 62 and 59
(see Figure 3.10). In particular, the singlet excited state markers at 590, 690, 800, and 1025 nm
are discernable throughout the visible and near-infrared range. However, instead of intersystem
crossing with 200(±10) ps for 62 and 230(±10) ps and 59, a much faster excited-state
deactivation occurs in the presence of C60. In THF, for example, multiwavelength analyses
indicate lifetimes of 3.3(±0.5) ps for 64 and 1.9(±0.5) ps for 65. In benzonitrile, a marked
acceleration with lifetimes of 2.0(±0.5) ps for 1 and 1.6(±0.5) ps for 65 evolves. The product of
these decays is a transient species that has nothing in common with the triplet excited state of 62
and 59, neither with the C60 singlet nor triplet excited state. Instead, new features in the visible
and in the near-infrared evolve that include maxima at 460, 790 and 1010 nm, respectively.
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Figure 3.10: Upper plot: differential absorption spectra (visible and near-infrared) obtained
with femtosecond pump-probe experiments (387 nm) of (a) 65 and (b) 64 (10-5 M) in
benzonitrile with time delays between 0.1 and 1400.0 ps at room temperature. Lower plot: time
absorption profiles of the spectra shown in the upper part for at 550 (grey spectrum) and 1010
nm (black spectrum) monitoring the charge separation and charge recombination. Adapted from
Molina-Ontoria, A., et al., Chemistry – A European Journal, 2014, 20, 11111.26 (See Appendix H
for copyright letter).

Pulse radiolytic oxidation of 57 (Figure 3.11) and reduction of C60 induces transient
maxima at 750 and 1010 nm, respectively. Considering the aforementioned in concert, we reach
the conclusion that 387 nm excitation of 64 and 65 in THF and benzonitrile leads to charge
separation that is mediated through the central Pt linker and gives rise to the formation of the
TPA+–Pt–C60- radical ion pair states. Apparently, the cis configuration favors charge separation
relative to the trans configuration.
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Figure 3.11: Differential absorption spectrum (visible and near-infrared) obtained upon pulse
radiolytic oxidation of 57 (10-5 M) in aerated dichloromethane with a time delay of 100 ms at
room temperature. Reproduced from Molina-Ontoria, A., et al., Chemistry – A European
Journal, 2014, 20, 11111.26 (See Appendix H for copyright letter).

In addition, charge recombination shows a similar trend. In particular, the TPA+–Pt–C60radical ion pair state decays in 64 with a lifetime of 95(±5) ps, while for 65 the corresponding
lifetime is 64(±5) ps in THF. It is important to mention that the electrochemical measurements
suggest similar driving forces for charge separation (~1.0 eV) as well as charge recombination
(~1.48 eV) for 64 and 65, respectively. Considering the fact that the product of charge
recombination is the ground state rather than a low lying C60 triplet excited state (1.5 eV) it is
interesting to note that the more polar benzonitrile slows down the process. In this solvent,
lifetimes of 103(±5) ps for 64 and of 89(±5) ps for 65 were determined. In other words, charge
recombination, despite the large driving force, is located in the normal region of the Marcus
parabola. This finding correlates with the inherent instability of the one electron oxidized TPA,
which is known to dimerize.

Conclusion. In summary, we have carried out the syntheses of new donor–acceptor
systems which, assembled through a trans-platinum(II) or cis-platinum(II), undergo
photoinduced electron transfer. The electrochemical analysis reveals significant interactions
between the TPA and the C60 in the steady state. It is known that a change in the geometry of the
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PtII has a strong impact in the photophysical properties, this approach allows the efficient
formation of the radical ion pair state TPA+–Pt–C60- upon photoexcitation of the TPA at 350 nm.
Besides the rather close proximity of the electroactive units in the cis assembly (12.1 Å for cis
and 18.1 Å for trans), the electron transfer takes place through the central Pt linker, which is
faster for the cis with respect to the trans configuration. On the other hand, longer lifetimes for
the charge-separated states were obtained for the trans geometry, 95 and 103 ns in THF and
benzonitrile, respectively, placing the charge transfer process in the normal region of the Marcus
parabola.

Experimental Section
Reagents were used as purchased. All solvents were dried according to standard
procedures. All air-sensitive reactions were conducted under an argon atmosphere. FT-IR spectra
were recorded using a Bruker Tensor 27 spectrometer with neat samples. Absorption studies
were performed using a Cary 5000 UV/Vis/NIR spectrometer from Varian using fused Quartz
glass cuvettes with a 1 cm optical path. Fluorescence measurements were performed in a
JABSCO spectrofluorometer (FP-8500). NMR spectra were recorded on a 600 MHz JEOL (1H:
600 MHz, 13C: 125 MHz) spectrometer at 298 K using partially deuterated solvents as internal
standards. Coupling constants (J) are reported in Hz and chemical shifts (d) in ppm.
Multiplicities are denoted as follows: s=singlet, d=doublet, t=triplet, m=multiplet, dt=double
triplet. Matrix assisted laser desorption ionization (coupled to a time-of-flight analyzer)
experiments (MALDI-TOF) were recorded on a Bruker microFLEX spectrometer. Flash
chromatography was performed using silica gel (Sorbent technologies 60, 230–400 mesh).
Analytical thin layer chromatography (TLC) was performed using aluminum coated Sorbent
technologies 60 UV254 plates. Compounds 57, 60a, and 63a, were prepared according to
previously reported synthetic procedures.
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Electrochemical studies of TPA—Pt–fullerene dyads. These experiments were
performed

in

anhydrous

dichloromethane

(DCM,

Sigma–Aldrich,

anhydrous,

99%).

Tetrabutylammonium hexafluorophosphate (TBAPF6, Aldrich, 98%) was added as the
supporting electrolyte and used after recrystallization from ethanol. Cyclic voltammetry (CV)
and differential pulse voltammetry (DPV) experiments were performed under an argon
atmosphere at room temperature using a CH Instrument potentiostat. The scan rate for CV
experiments was 100 mVs-1. For DPV experiments, a scan rate of 100 mVs-1 and a pulse rate of
0.5 s with increments of 4 mV and amplitude of 50 mV were used. A standard three-electrode set
up consisting of a glassy carbon working electrode (1.0 mm), a platinum wire as counter
electrode (Aldrich, 1.0 mm) and a silver wire as pseudoreference electrode (Aldrich, 1.0 mm)
was used. The redox couple ferrocene/ferrocenium (Fc/Fc+) was used as internal reference to
measure the potentials. The half-wave potentials (E1/2) were determined from CV experiments as
(Epa+Epc)/2, where Epa and Epc are the anodic and cathodic peak potentials, respectively.

General procedure for the synthesis of 58 and 61. A solution of 4ethynyltriphenylamine (0.35 mmol), CuI (5 mg), and the corresponding trans-PtCl2(PEt3)2 or cisPtCl2(PEt3)2 (200 mg, 0.40 mmol) in THF (15 mL) and diisopropylamine (2 mL) was stirred
under argon for 6 h at 50 °C. After evaporation of the solvent, the crude was purified by flash
column chromatography on SiO2 using CH2Cl2 as eluent. Finally, the products were dried at
40 °C under vacuum, affording 58 and 61 as white solids.

Compound 58: Yield 48%; 1H NMR (CDCl3, 600 MHz): d=7.23–7.20 (m, 4H, aromaticH), 7.11 (d, 2H, J=8.2 Hz, aromatic-H), 7.07–7.05 (m, 4 H), 6.98 (dt, 2H, J=8.2 Hz, J=1.6 Hz,
aromatic-H), 6.92 (d, 2H, J=8.2 Hz, aromatic-H), 2.08–2.03 (m, 12 H, -CH2- PCH2CH3), 1.21–
1.16 ppm (m, 18H, -CH3, PCH2CH3);

13

C NMR (CDCl3, 150 MHz): d=147.7, 145.2, 131.7,

129.1, 124.7, 124.1, 123.9, 123.1, 122.6, 101.3, 14.5, 8.1 ppm; 31P NMR (243 MHz, CDCl3):
d=15.4 ppm (t, JPt,P= 2345.0 Hz); FTIR (neat): ṽ = 3029, 2964 (C-H), 2122 (alkyne), 1588, 1491,
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1311, 1032, 823, 693 cm-1; UV/Vis (CH2Cl2): λmax (ε): 349 nm (24,900 mol-1dm3cm-1); MALDITOF m/z: 735.7 [M]+.

Compound 61: Yield 52%; 1H NMR (CDCl3, 600 MHz): d=7.22–7.20 (m, 4H, aromaticH), 7.11 (d, 2H, J=8.2 Hz, aromatic-H), 7.06–7.04 (m, 4H), 6.98 (dd, 2H, J=8.2 Hz, J=1.6 Hz,
aromatic-H), 6.92 (d, 2H, J=8.2 Hz, aromatic-H), 2.08–2.03 (m, 12H, -CH2-PCH2CH3), 1.21–
1.16 ppm (m, 18H, -CH3, PCH2CH3);

13

C NMR (CDCl3, 150 MHz): d=147.7, 145.6, 131.6,

129.4, 124.1, 123.8, 122.6, 14.5, 8.1 ppm;

31

P NMR (243 MHz, CDCl3): d=15.3 ppm (t,

JPt,P=2345.0 Hz); FT-IR (neat): ṽ = 3031, 2929 (C-H), 2120 (alkyne), 1588, 1500, 1311, 1033,
824, 693 cm_1; UV/Vis (CH2Cl2), λmax (ε): 350 nm (25,800 mol-1dm3cm-1); MALDI-TOF m/z:
735.7 [M]+.

General procedure for the synthesis of 59 and 62. A solution of 4ethynylbenzaldehyde (0.35 mmol), CuI (5 mg), and the corresponding trans-Cl–Pt–TPA (4) or
cis-Cl–Pt–TPA (5; 0.30 mmol) in THF (15 mL) and triethylamine (1 mL) was stirred under
argon for 3 h at 50 °C. After evaporation of the solvent, the crude was purified by flash column
chromatography on SiO2 using CH2Cl2 as eluent. Finally, the products were dried at 40 °C under
vacuum, affording 6 and 7 as yellow solids.

Compound 59: Yield 52 %; 1H NMR (CDCl3, 600 MHz): d=9.91 (s, 1H, -CHO), 7.70 (d,
2H, J=8.2 Hz, aromatic-H), 7.35 (d, 2H, J=8.2 Hz, aromatic-H), 7.22–7.20 (m, 4H, TPA), 7.14
(d, 2H, J=8.2 Hz, TPA), 7.06–7.04 (m, 4H, TPA), 6.98–6.96 (m, 2H, TPA), 6.92 (d, 2H, J= 8.2
Hz, TPA), 2.18–2.13 (m, 12H, -CH2-, PCH2CH3), 1.23–1.28 ppm (m, 18H, CH3-, PCH2CH3); 13C
NMR (CDCl3, 150 MHz): d=191.5, 147.8, 145.2, 135.2, 132.9, 131.81, 131.3, 129.7, 129.2,
124.1, 124.0, 122.6, 117.4, 110.1, 109.9, 16.4, 8.4 ppm; 31P NMR (243 MHz, CDCl3): d=11.7
ppm (t, JPt,P=2290.0 Hz); FTIR (neat): ṽ =2966, 2934 (C-H), 2097 (alkyne), 1693 (C=O), 1590,
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1552, 1492, 1453, 1275, 1208, 1158, 1012, 830, 770, 693, 616, 527 cm-1; UV/Vis (CH2Cl2): λmax
(ε): 360 (28 670), 306 nm (18,700 mol-1dm3cm-1); MALDI-TOF m/z: 828.2 [M]+.

Compound 62: Yield 47%; 1H NMR (CDCl3, 600 MHz): d=9.91 (s, 1H, -CHO), 7.71 (d,
2H, J=8.2 Hz, aromatic-H), 7.36 (d, 2H, J=8.2 Hz, aromatic-H), 7.23–7.20 (m, 4H, TPA), 7.15
(d, 2H, J=8.2 Hz, TPA), 7.07–7.05 (m, 4H, TPA), 6.99–6.96 (m, 2H, TPA), 6.93 (d, 2H, J=8.2
Hz, TPA), 2.20–2.14 (m, 12H, -CH2-, PCH2CH3), 1.25–1.29 ppm (m, 18H, -CH3, PCH2CH3); 13C
NMR (CDCl3, 150 MHz): d=191.7, 147.9, 145.2, 135.7, 132.9, 131.8, 131.3, 129.7, 129.4, 124.1,
124.0, 122.6, 117.3, 110.0, 109.7, 16.6, 16.5, 16.4, 8.5 ppm;

31

P NMR (243 MHz, CDCl3):

d=11.8 ppm (t, JPt,P=2345.0 Hz); FTIR (neat): ṽ =2966, 2934 (C-H), 2097 (alkyne), 1693 (C=O),
1590, 1492, 1275, 1208, 1158, 1033, 836, 770, 693, 616, 525 cm-1; UV/Vis (CH2Cl2): λmax (ε):
366 (32,900), 307 nm (20 200 mol-1dm3cm-1); MALDI-TOF m/z: 828.2 [M]+.

General procedure for the 1,3-dipolar cycloaddition reaction. The corresponding
aldehyde (1 equiv), [60]fullerene (1.3 equiv) and sarcosine (5 equiv) were dissolved in
chlorobenzene and the mixture was refluxed for 5 h. The reaction mixture was allowed to reach
room temperature and the solvent was removed under vacuum. The crude was purified by flash
column chromatography on SiO2. The eluents are specified in each case. The black solids
obtained were further purified by repeated (3x) precipitation and centrifugation in methanol to
yield the corresponding hybrids as black solids.

Compound 60: 1H NMR (CDCl3, 600 MHz): d=7.60 (br, 2 H, aromatic-H), 7.28 (d, 2H,
J=8.2 Hz, aromatic-H), 4.96 (d, 1H, J=9.2 Hz, CH2 pyrrolidine), 4.86 (d, 1H, J=9.2 Hz, CH
pyrrolidine), 4.23 (s, 1H, CH2 pyrrolidine), 2.78 (s, 3H, aliphatic-CH3), 2.08–2.03 (m, 12H,
aliphatic -CH2-), 1.21–1.16 ppm (m, 18 H, aliphatic -CH3);

13

C NMR (CDCl3, 150 MHz):

d=156.4, 154.1, 153.6, 153.5, 147.3, 146.9, 146.5, 146.50, 146.2(2), 146.0(2), 145.8, 145.6,
145.5, 145.3, 144.8, 144.7, 144.4, 143.2, 142.7, 142.6, 142.3(2), 142.2, 142.1(3), 142.0, 141.9,
157

141.7, 141.6, 140.3, 140.2, 139.9, 139.7, 136.9, 136.6, 135.9, 135.8, 133.9, 131.2, 129.1, 128.8,
101.3, 100.3, 83.6, 70.1, 69.1, 40.1, 31.0, 29.8, 14.6, 14.5, 14.4, 8.1(2) ppm;

31

P NMR (243

MHz, CDCl3): d=15.4 ppm (t, JPt,P=2347.0 Hz); FTIR (neat): ṽ =2962, 2776 (C-H), 2210
(alkyne), 1589, 1493, 1311, 1034, 863, 696, 523 cm-1; UV/Vis (CH2Cl2): λmax (ε): 430 (1357),
327 (25 600), 318 nm (21 780 mol-1dm3cm-1); MALDI-TOF m/z: 1342.2 [M]+.

Compound 63: First CS2 was used as eluent in order to remove unreacted C60 and then
toluene, 26% yield. 1H NMR (CDCl3, 600 MHz): d=7.62 (br, 2H, aromatic-H), 7.28 (d, 2H,
J=8.2 Hz, aromatic-H), 4.96 (d, 1H, J=9.2 Hz, CH2 pyrrolidine), 4.86 (d, 1H, J=9.2 Hz, CH
pyrrolidine), 4.22 (s, 1H, CH2 pyrrolidine), 2.77 (s, 3H, aliphatic-CH3), 2.09–2.03 (m, 12 H,
aliphatic -CH2-), 1.21–1.15 ppm (m, 18H, aliphatic -CH3);

13

C NMR (CDCl3, 150 MHz):

d=156.4, 153.6, 153.5, 147.3, 146.9, 146.6, 146.50, 146.2, 146.0, 145.6, 145.5, 145.3, 144.8,
144.7, 144.4, 143.2, 143.0, 142.7, 142.6(3), 142.3(2), 142.2(2), 142.1(3), 142.0, 141.9, 141.7,
141.6, 139.9, 139.7, 136.9, 136.6, 135.8, 133.9, 131.2, 129.1, 101.3, 100.3, 83.6, 70.2, 69.0, 40.3,
14.6(2), 14.4, 8.2(2) ppm; 31P NMR (243 MHz, CDCl3): d=15.4 ppm (t, JPt,P=2383.0 Hz); FTIR
(neat): ṽ =2966, 2934 (C-H), 2097 (alkyne), 1590, 1552, 1492, 1453, 1275, 1208, 1158, 1012,
830, 770, 693, 616, 527 cm-1; UV/Vis (CH2Cl2): λmax (ε): 430 (1500), 328 (26 300), 317 nm
(22430 mol-1dm3cm-1); MALDI-TOF m/z: 1342.2 [M]+.

TPA–trans-Pt–C60 (64): First CS2 was used as eluent in order to remove unreacted C60
and then toluene, 35% yield; 1H NMR (CDCl3, 600 MHz): d=7.61 (br s, 2H, aromatic-H), 7.30
(d, 2H, J=8.2 Hz, aromatic-H), 7.21–7.19 (m, 4H, TPA-aromatic), 7.13 (d, 2H, J=8.2 Hz, TPA),
7.06–7.04 (m, 4H, TPA), 6.97–6.95 (m, 2H, TPA), 6.90 (d, 2H, J=8.2 Hz, TPA), 4.95 (d, 1H,
J=9.2 Hz, CH2 pyrrolidine), 4.86 (d, 1H, J=9.2 Hz, CH pyrrolidine), 4.22 (s, 1H, CH2
pyrrolidine), 2.78 (s, 3H, aliphatic-CH3), 2.21–2.14 (m, 12H, aliphatic -CH2-), 1.21–1.13 ppm
(m, 18H, aliphatic -CH3); 13C NMR (CDCl3, 150 MHz): d=156.4, 154.2, 153.7, 153.6, 147.8,
147.4, 147.3, 146.9, 146.6, 146.5, 146.4, 146.3(2), 146.2, 146.1, 146.0(2), 145.8, 145.6, 145.5(2),
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145.4, 145.3(3), 145.2,(2), 144.9, 144.8, 144.7, 143.2, 143.0, 142.7, 142.6(2), 142.3(2), 142.2,
142.1, 142.0, 141.9, 141.7, 141.6, 140.2, 140.1, 139.9, 139.7, 136.8, 136.6, 135.8, 133.6, 131.7,
131.3, 129.2, 124.0, 133.5, 109.2, 109.0(2), 83.7, 70.1, 69.1, 40.1, 16.5, 16.4, 16.3, 8.5 ppm; 31P
NMR (243 MHz, CDCl3): d=11.5 ppm (t, JPt,P=2400.0 Hz); FTIR (neat): ṽ =3026, 2926, 2774 (CH), 2100 (alkyne), 1589, 1493, 1375, 1280, 1213, 1175, 1034, 828, 752, 696, 618 cm-1; UV/Vis
(CH2Cl2): λmax (ε): 430 (1800), 356 (29 900), 332 nm (28290 mol-1dm3cm-1); MALDI-TOF m/z:
1575 [M]+; elemental analysis calcd (%) for C103H54N2P2Pt: C 78.47, H 3.45, N 1.80; found: C
78.48, H 3.80, N 1.79.

TPA–cis-Pt–C60 (65): First CS2 was used as eluent in order to remove unreacted C60 and
then toluene, 32% yield; 1H NMR (CDCl3, 600 MHz): d=7.61 (br, 2 H, aromatic-H), 7.30 (d, 2H,
J=8.2 Hz, aromatic-H), 7.21–7.19 (m, 4H, TPA), 7.13 (d, 2H, J=8.2 Hz, TPA-aromatic), 7.06–
7.04 (m, 4H, TPA), 6.97–6.95 (m, 2H, TPA), 6.90 (d, 2H, J=8.2 Hz, TPA), 4.96 (d, 1H, J=9.2
Hz, CH2 pyrrolidine), 4.86 (d, 1H, J=9.2 Hz, CH pyrrolidine), 4.22 (s, 1H, CH2 pyrrolidine), 2.77
(s, 3H, aliphatic-CH3), 2.19–2.14 (m, 12H, aliphatic -CH2-), 1.22–1.12 ppm (m, 18 H, aliphatic CH3); 13C NMR (CDCl3, 150 MHz): d=156.4, 154.2, 153.7, 153.6, 147.8, 147.3, 146.6, 146.4,
146.3, 146.2, 146.1, 146.0, 145.9, 145.6(2), 145.5(2), 145.4, 145.3(3), 145.2(2), 145.0, 144.8,
144.7, 144.5, 143.2, 143.0, 142.7, 142.6(2), 142.3(2), 142.2(2), 142.1(2), 142.0, 141.9, 141.8,
141.6, 140.2, 140.1, 139, 9, 139.7, 136.8, 136.6, 135.8, 133.6, 131.7, 124.1, 124.0, 122.5, 109.4,
109.2, 109.0, 83.7, 70.1, 69.1, 40.0, 16.5, 16.3, 16.2, 8.4 ppm; 31P NMR (243 MHz, CDCl3):
d=11.6 ppm (t, JPt,P=2400.0 Hz); FTIR (neat) ṽ = 3026, 2962, 2770 (C-H), 2101(alkyne), 1589,
1493, 1375, 1281, 1175, 1034, 828, 754, 697, 617 cm-1; UV/Vis (CH2Cl2), λmax (ε): 430 (1730),
354 (27,200), 331 nm (26,100 mol-1dm3cm-1); MALDI-TOF m/z: 1575 [M]+; elemental analysis
calcd (%) for C103H54N2P2Pt: C 78.47, H 3.45, N 1.80; found: C 78.60, H 3.65, N 1.80.
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3.2

ZNPCTPA-SC3N@Ih-C80 AND –C60 TRIADS
Fullerenes, such as C60, are very attractive for potential applications in organic

photovoltaic devices due to their favorable electron accepting properties, low reorganization
energy

upon

electron

transfer

and

three-dimensionality.5,235-237

Moreover,

endohedral

metallofullerenes (EMF) have received increased attention in this field due to their interesting
electronic properties. The widely varying HOMO-LUMO gaps in these materials are dependent
on the encapsulated moiety, the cage sizes and the exohedral functionalization.238 Electrontransfer processes and charge-separated states of donor-acceptor (D-A) conjugates of these
materials are of increasing interest for organic solar cell devices. However, there are only a few
examples in the literature where these endohedral fullerene compounds have been studied and
incorporated in devices.15,145,164,239,240 In this section we study and discuss the electrochemical
properties of ZnPc-TPA-endohedral fullerene derivatives prepared by our collaborators (66-69)
from the Universidad Autónoma de Madrid in Spain and relevant reference compounds.

3.2.1

Synthesis of triads and reference compounds
Doctoral student Juan A. Suanzes synthesized and provided compounds 66-69 (Figure

3.12).

Figure 3.12: Zn(II)Phthalocyanine-TPA-fullerene triads 66-71.
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Synthesis of reference compound 73
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Figure 3.13: Synthetic route for the preparation of reference compound 73. (i: DMAE,
Zn(OAc)2, rf; ii: TMSA, CuI, PdCl2(PPh3)2, TEA, THF, 60 °C; iii: KOH, MeOH, rt; iv: CuI,
PdCl2(PPh3)2, TEA, Toluene, 60 °C)

Synthesis of N,N-diphenyl-4-((trimethylsilyl)ethynyl)aniline (70). Compound 70 was
prepared following reported procedures with slight modifications.241 To a three neck-round
bottom flask were added 4-bromo-N,N-diphenylaniline (0.923 g, 2.83 mmol), CuI (0.027 g,
0.142 mmol), trimethylsilylacetylene (TMSA, 1.2 mL, 8.52 mmol) and TEA (1.0 mL, 5.21
mmol) followed by 30 mL of anhydrous THF. The resulting mixture was degassed for 15
minutes; then PdCl2(PPh3)2 was added and the temperature was increased to 60 °C and the
reaction was stirred overnight. Afterwards, the reaction was allowed to cool down and the
solvent removed under reduced pressure. The resulting crude mixture was dissolved in CHCl3
and extracted with NH4Cl (3 x 25 mL), the organic phase was dried over Na2SO4 and the solvent
removed under reduced pressure. Column chromatography using silica gel and Hex:CHCl3 (4:1)
afforded the desired product 70 in 43% yield. MALDI-TOF MS (m/z): calcd. 341.160 [M]+,
found 341.183 [M]+.
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Synthesis of 4-ethynyl-N,N-diphenylaniline (71). Compound 71 was prepared following
reported procedures with slight modifications.241 To a one-neck round bottom flask was
transferred compound 72 (36 mg, 0.11 mmol) followed by 10 mL of methanol. Then, KOH (36
mg, 0.63 mmol) was added and the reaction was stirred until the disappearance of the starting
material. After the reaction was completed, it was poured into 200 mL of 1 M HCl and extracted
with CH2Cl2 (3 x 50 mL). The organic phases were combined, dried over Na2SO4 and the solvent
was removed under reduced pressure. The resulting crude was column chromatographed using
silica gel and CHCl3 as eluent affording 71 in 62% yield. 1H NMR (600 MHz, CDCl3, 298K) δ
(ppm): 7.32 (d, J = 8.8 Hz, 2H), 7.28 – 7.24 (m, 4H), 7.09 (d, J = 8.8 Hz, 4H), 7.05 (t, J = 7.2
Hz, 2H), 6.95 (d, J = 8.8 Hz, 2H), 3.01 (s, 1H). MALDI-TOF MS (m/z): calcd. 269.120 [M]+,
found 269.314 [M]+.

Synthesis of iodo tBu-Zn(II)-phthalocyanine (72). Compound 72 was prepared following
reported procedures with slight modifications.242 MALDI-TOF MS (m/z): 870.163 [M]+, found
870.144 [M]+.

Synthesis of TPA-tBu-Zn(II)-phthalocyanine (73). To a three neck round bottom flask
were transferred compound 71 (7 mg, 0.026 mmol), 72 (19 mg, 0.022 mmol), CuI (0.42 mg, 2.6
μmol), TEA (0.02 mL, 0.13 mmol) followed by 5 mL of anhydrous toluene. The resulting
mixture was degassed for 15 minutes and PdCl2(PPh3)2 (15 mg, 0.022 mmol) was added; the
temperature was increased to 60 °C and it was stirred overnight. After reaction completion the
solvent was evaporated and the resulting crude mixture was column chromatographed using Hex:
Dioxane (4:1) affording the desired product 73. MALDI-TOF MS (m/z): calcd. 1011.372 [M]+,
found 1011.744 [M]+.
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3.2.2

Electrochemical Analysis
The electrochemical properties of compound 66-69 and 73-74 were studied using cyclic

voltammetry in o-DCB and 0.05 M TBAPF6 as a supporting electrolyte. Table 3.2 summarizes
the redox potentials for all the compounds studied in this section.
Figure 3.14 shows the cyclic voltammograms for triads 66-69. The C60-based compounds
66 and 68 differ only in the fulleropyrrolidine substitution, with α- or N-substitution,
respectively (see Figure 3.12). The cathodic processes for all compounds are well behaved and
are assigned to C60 and ZnPc centered processes. However, when comparing the C60-based triad
66 with 68, significant cathodic shifts are observed for the α-substituted derivative (see Table
3.3). This cathodic shift can be attributed to the disruption of conjugation through the pyrrolidine
nitrogen lone pair that exists in the case of the N-substituted, therefore making it more difficult to
reduce. The opposite behavior is observed in the case of Sc3N@Ih-C80-based triads 67 and 69. It
is evident that the fullerene cage is exerting a significant effect in the electrochemical behavior
of the triads.

C60

Fc

Sc3N@Ih-C80

74

74

66

67

68

69

Figure 3.14: Cyclic voltammograms of 66-69 in 0.05 M TBAPF6 in o-DCB at 100 mV/s.
(Note: compound 74 is the aldehyde version of compound 73.)
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However, this effect is more pronounced for the anodic processes of the C60-based triads
66 and 68 when compared with Sc3N@Ih-C80-based triad 67 and 69. The first oxidation potential
for 66 and 68 is fairly low at +0.14 V and +0.11 V, respectively. In the case of 67 and 69, the
first oxidation potential is approximately 200 mV cathodically shifted to +0.37 V and +0.34 V,
respectively. Interestingly, the first oxidation processes for all compounds are irreversible, except
for compound 66. It is difficult to conclusively assign the first oxidation potential to a particular
moiety because they are not thermodynamic potentials. Assigning peak potentials is risky
because they could be attributed to more than one particular process. Nevertheless, we have
tentatively assigned the first and third oxidation processes of the triads to be ZnPc centered and
the second process to be TPA centered, after studying the donor system independently. Figure
3.15 shows the cyclic voltammogram for compound 73; the first oxidation potential is assigned
to the ZnPc moiety (+0.10 V) while the second is assigned to the TPA moiety (+0.52 V) because
the characteristic additional peak potential on the return scan is indicative of a chemical process,
which is likely the polymerization of the TPA moiety. Therefore, the third anodic process is
assigned to the ZnPc (+0.86 V) as well.

Figure 3.15: Cyclic voltammogram of 73 in 0.05 M TBAPF6 in o-DCB at 100 mV/s.

It is evident that having different fullerene cages linked to donor moieties affects the
overall electrochemical properties of the material. This versatility can be used to fine tune the
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HOMO-LUMO energy levels and improve the potential applications in photovoltaics, where the
fine-tuning of HOMO-LUMO levels is crucial to obtain good charge carrier mobilities and
charge extraction at the corresponding electrodes.

Table 3.3: Electrochemical data of 66-69 and the corresponding reference compounds.
Potential vs Fc/Fc+ (V)

Compound

HOMOLUMO
gapa (V)

Eox2

Eox2

Eox1

Ered1

Ered2

Ered3

Ered3

94

-

-

-

0.20

-

-

-

-

95c

-

-

-

0.51

-

-

-

-

C60c

-

-

-

-

-1.10

-1.47

-1.91

-2.38

Sc3N@Ih-C80c

1.85

-

+1.09

+0.59

-1.26

-1.62

-2.37

-

96c

1.78

-

-

+0.56

-1.22

-1.60

-2.11

-

97c

1.49

-

+1.06

+0.39

-1.10

-1.50

-2.23

-

74

1.76

+1.06

+0.76

+0.22

-1.54

-1.79

-1.96

-2.39

73

-

+0.86

+0.52

+0.10

-

-

-

-

66

1.34

+0.90

+0.69

+0.14

-1.20

-1.57

-2.10

-2.39

68b

1.15

+1.32

+0.72

+0.11

-1.04

-1.42

-1.82

-2.40

67

1.46

+1.00

+0.80

+0.37

-1.09

-1.45

-1.82

-2.18

69

1.52

+1.24

+0.84

+0.34

-1.18

-1.56

-1.97

-2.16

!
!
HOMO-LUMO: ∆𝐸 = 𝐸!"
− 𝐸!"#
An additional reduction wave was observed between E3 and E4, at -1.96 V. The same observation was true for 66
but it was obviated due to its small apparent intensity.
c
Values from reference 166.
a

b
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Figure 3.16: Reference compounds structures.
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3.3

PHOTOCHROMIC DONOR-ACCEPTOR ADDUCTS
The electrochemical properties of photochromic D-A adducts (Figure 3.17) prepared by

the group of Dr. Read de Alaniz from the University of Santa Barbara-California were studied.
The concentration studied was 0.5 mM for all samples. The redox potentials determined from the
CV and SWV experiments are summarized in Tables 3.4 and 3.5, respectively.
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Figure 3.17: Photochromic H series (75-77) and Py series (78-80) D-A adducts.

3.3.1

H series: 2CNFrH (75), 4CNFrH (76), 4CNThH (77)
All compounds exhibited similar behavior with the exception of 75 (Figure 3.18). On the

anodic scan two irreversible waves were observed for 75 and one irreversible wave for both 76
and 78. These waves could be attributed to the oxidation of the dihydropyridine (DHP) moiety. It
has been reported that the oxidation of DHP follows a two-electron pathway leading to the
formation of neutral pyridine.243,244 Figure 3.19 shows the proposed mechanism involving the loss
of two electrons and two hydrogen atoms, however, the mechanism has been proposed only for
1,4-dihydropyridine245 not for 1,2-dihydropyridine containing compounds such as those
discussed in this section.
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Figure 3.18: Cyclic voltammograms in 0.1 M TBAPF6/CH2Cl2 of 0.5 mM (a) 2CNFrH, (b)
4CNFrH and (c) 4CNThH.
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Figure 3.19: Proposed mechanism for the oxidation of 1,2-dihydropyridines following the
proposed mechanism reported by Srividya et al.245 (Note: This is the proposed mechanism for all
three compounds, 4CNFrH was used as an example)

Interestingly, the cathodic scan exhibits one irreversible and one reversible wave for 75,
but two reversible waves upon incorporation of the dicyano moiety on both 76 and 77. The first
reduction waves at -1.47, -1.37 and -1.34 V for 75, 76 and 77, respectively, are tentatively
assigned to a possible DHP radical anion. Structurally, the compounds are similar to fluorene
compounds and can be considered to be modified fluorenes. We thus assigned the second
reversible reduction waves to the reduction of the fluorene-like portion of the molecule
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(highlighted in Figure 3.20) since similar reduction potentials have been reported for this
system.246

NC

CN

NC
O

N
H

N

Figure 3.20: Fluorene-like portion of the compounds under study (76 shown as example).

3.3.2

Py series: 2CNFrPy (78), 4CNFrPy (79) and 4CNThPy (80)

In the pyridine series, all compounds exhibit similar electrochemical behavior (Figure
3.21). No oxidation processes were observed due to the absence of oxidizable groups such as the
DHP, indicative of very deep HOMO energy levels.
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Figure 3.21: Cyclic voltammograms in 0.1 M TBAPF6/CH2Cl2 of 0.5 mM (a) 2CNFrPy, (b)
4CNFrPy and (c) 4CNThPy.
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Interestingly, the cathodic processes of 78 are very different from those for 75. The first
reduction wave at -1.72 V is reversible and cathodically shifted 250 mV when compared to that
for 75. Therefore, we assigned the first reduction waves to the reduction of the fluorene-like
portion of the molecules (Figure 3.20) which are in the potential range for similar systems.246 It is
known that pyridines can be reduced in proton-rich media to hydrogenated pyridines,247 but as
we conducted the experiments under neutral conditions we tentatively assigned the second
reduction waves to a radical anion localized in the pyridine moiety.

Table 3.4: Electrochemical potentials (E/V) from cyclic voltammetry experiments vs Fc/Fc+
and electrochemical HOMO/LUMO levels.
Compound

E2ox
(V)

E1ox
(V)

E1red
(V)

E2red
(V)

Eonsetox
(V)

HOMO
(eV)b

Eonsetr
ed
(V)

LUMO
(eV)c

2CNFrH (75)

+0.619a

+0.222

-1.47a

-2.05

-0.039

-4.34

-1.23

-3.15

2CNFrPy (78)

-

-

-1.72

-2.24

-

-

-1.51

-2.87

4CNFrH (76)

-

+0.537a

-1.37

-1.86

+0.292

-4.67

-1.16

-3.22

4CNFrPy (79)

-

-

-1.78

-2.35a

-

-

-1.61

-2.77

4CNThH (77)

-

+0.576a

-1.34

-1.83

+0.331

-4.71

-1.13

-3.25

-1.70

a

-

-

-1.51

-2.87

4CNThPy (80)

-

-

-2.23

a Peak potentials.
b Calculated from EHOMO = -q(Eonsetox + 4.38) eV.
c Calculated from ELUMO = -q(Eonsetred + 4.38) eV.

Table 3.5: Electrochemical potentials (E/V) from square wave voltammetry experiments vs
Fc/Fc+.
Compound

E2ox
(V)

E1ox
(V)

E1red
(V)

E2red
(V)

2CNFrH (75)

+0.590

+0.194

-1.42

-2.02

2CNFrPy (78)

-

-

-1.71

-2.16

4CNFrH (76)

-

+0.551

-1.33

-1.83

4CNFrPy (79)

-

-

-1.73

-2.23

4CNThH (77)

-

+0.565

-1.32

-1.82

4CNThPy (80)

-

-

-1.71

-2.17
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3.3.3

Cyclic and square wave voltammograms of 75-80
The CV for the independent reduction and oxidation processes (or in steps) along with

the SWV voltammogram for compounds 75-80 is shown in the following figures. The
electrochemically calculated HOMO-LUMO energy levels are shown in Figure 3.28.

Figure 3.22: (a) Cyclic voltammogram vs Fc/Fc+, (b) cyclic voltammogram in steps and (c)
square wave voltammogram vs Fc/Fc+ of 2CNFrH (75).

Figure 3.23: (a) Cyclic voltammogram vs Fc/Fc+, (b) cyclic voltammogram in steps and (c)
square wave voltammogram vs Fc/Fc+ of 2CNFrPyr (78).

Figure 3.24: (a) Cyclic voltammogram vs Fc/Fc+, (b) cyclic voltammogram in steps and (c)
square wave voltammogram vs Fc/Fc+ of 4CNFrH (76).
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Figure 3.25: (a) Cyclic voltammogram vs Fc/Fc+, (b) cyclic voltammogram in steps and (c)
square wave voltammogram vs Fc/Fc+ of 4CNFrPyr (79).

Figure 3.26: (a) Cyclic voltammogram vs Fc/Fc+, (b) cyclic voltammogram in steps and (c)
square wave voltammogram vs Fc/Fc+ of 4CNThH (77).

Figure 3.27: (a) Cyclic voltammogram vs Fc/Fc+, (b) cyclic voltammogram in steps and (c)
square wave voltammogram vs Fc/Fc+ of 4CNThH (80).
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Figure 3.28: Electrochemical HOMO-LUMO levels for the studied compounds.

3.4

CONCLUSION AND RECOMMENDATIONS
The electrochemical studies of fullerene-based triads suggested that the fullerene cage is

significantly affecting the oxidation potentials of the donor moiety. It is difficult to assign each
process to a particular molecule moiety because they are not thermodynamic potentials, which
are electrochemical processes in equilibrium (in other words, reversible processes), they are
rather kinetic potentials and it is extremely difficult to assign them to a particular electrochemical
process. It is possible that the first oxidation potential for these compounds do not correspond to
the molecular systems under study because its current is considerably low compared to the first
reduction potential.
The successful characterization of photochromic D-A adducts using CV and SWV was
successful. The electrochemical information obtained provided insights on the possible chemical
transformation of dihydropyridine (DHP) derivatives 75-77 to the corresponding pyridine (Pyr)
adducts. In the future, the conversion of DHP to Pyr can be studied by controlled potential
electrolysis because this conversion should produce a color change for the bulk solution from
blue (DHP) to yellow (Pyr).
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Chapter 4: Biologically Active Fullerenes
The

Acquired

Immunodeficiency

Syndrome

(AIDS)

caused

by

the

Human

Immunodeficiency Virus (HIV) has spread worldwide since its discovery, mainly by sexual
contact. The effects of this contagious disease in the health and economy of both developed and
under-developed countries are devastating. Therefore, many efforts to discover and/or design and
synthesize biologically active materials that can function as anti-HIV agents are being done by
scientists worldwide.
The two main anti-HIV agents to inhibit HIV growth and infectivity are those that target
the HIV reverse transcriptase and those that inhibit the HIV-protease. It has been shown that
specific [60]-fullerene derivatives actively interact and inhibit the HIV-protease. However, no
conclusive evidence exists to confirm that the interaction site is indeed the protease and no
details of the inhibition mechanism are available.
In this chapter we discuss the design, synthesis and characterization of [1,3]Thiazine
fulleropyrrolidine derivatives and their activity as anti-HIV agents. To the best of our knowledge
these new type of functional materials have not been reported in the literature before (patent
pending).

4.1

[1,3]THIAZINE-FULLEROPYRROLIDINES
Thiazines are six-membered heterocyclic compounds containing four carbon atoms, one

sulfur and one nitrogen atom. The possible positions of the heteroatoms in the 6-membered ring
are [1,2]-, [1,3]- and [1,4]-positions. These compounds and their derivatives have been found to
be biologically active as antimicrobial,248,249 antimalarial,250 anti-inflammatory and analgesic,251,252
amongst others. Additionally, they have also been used as pesticides.253,254 Merging the biological
activity of fullerenes, especially C60 and C70, with the extensive biological activities of thiazines
could result in new potent biological applications.
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In collaboration with Dr. Manuel Llano from the Department of Biological Sciences at
The University of Texas at El Paso it was possible to study the bioactivity of these newly
designed and synthesized compounds against HIV.

4.1.1

Synthesis and characterization of [1,3]Thiazine[60]fulleropyrrolidines
S
N
n
DL-Homocysteine
HCHOexs
ClBn, rf
n = 1; 81
2; 82
3; 83

Figure 4.1:

Synthetic route for the preparation of [1,3]Thiazine[60]fulleropyrrolidines 81-83.

General procedure. To a 250 mL three-neck round bottom flask, C60 or C70 (1.5 equiv),
DL-homocysteine (1.0 equiv) and paraformaldehyde (10 equiv) were transferred followed by 100
mL of chlorobenzene. The resulting mixture was refluxed overnight. After the reaction was done
the solvent was evaporated and the resulting crude mixture was chromatographed using silica gel
eluting first with CS2 to elute the unreacted fullerenes, then CS2:CHCl3 (1:1) to elute any monoadducts and lastly a 2:1 ratio to elute the remaining multi-adducts. γ:β:α were isolated using
HPLC (5-PBB, Toluene, 4.0 ml/min, 320 nm) after silica gel column chromatography.
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Figure 4.2:

Proposed mechanism for the formation of [1,3]Thiazine-fulleropyrrolidines.
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The proposed mechanism for the formation of the [1,3]Thiazinefulleropyrrolo ring is
shown in Figure 4.2. After decarboxylation of the DL-homoscysteine in the presence of
paraformaldehyde, the resulting ylide reacts with the fullerene cage to form a fulleropyrrolidine
ring. In the presence of excess amounts of paraformaldehyde, a hemithioacetal is generated.
Deprotonation of the pyrrolidine ring affords a zwitterion and cyclization yields the observed
[1,3]Thiazinefulleropyrrolo ring.

Mono-[1,3]Thiazine[60]fulleropyrrolidines (81). C60 (0.10 g, 0.14 mmol), DLhomocysteine (0.032 g, 0.24 mmol), paraformaldehyde (0.041 g, 1.38 mmol). 42 mg, 37% yield.
1

H NMR (600 MHz, CS2:CDCl3, 298K) δ (ppm): 4.98 (d, J = 9.0 Hz, 1H), 4.48 (dd, J = 11.7, 1.9

Hz, 1H), 4.27 (d, J = 11.7 Hz, 1H), 4.20 (s, 1H), 3.95 (dd, J = 11.7, 2.4 Hz, 1H), 3.17 (td, J =
13.1, 2.4 Hz, 2H), 3.12 – 3.05 (m, 1H), 2.91 (dd, J = 13.3, 2.9 Hz, 2H), 2.66 (qd, J = 12.3, 3.5
Hz, 2H). UV-vis (CHCl3) λmax (nm): 430, 322, 307. MALDI-TOF MS (m/z): calcd. 834.038
[M-H]+, found 834.120 [M-H]+.

Bis-[1,3]Thiazine[60]fulleropyrrolidines (82). MALDI-TOF MS (m/z): calcd. 950.901
[M]+, found 949.687 [M]+.

Tris-[1,3]Thiazine[60]fulleropyrrolidines (83). MALDI-TOF MS (m/z): calcd. 1065.137
[M]+, found 1065.072 [M-H]+.
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Figure 4.3:

1

H NMR of mono-[1,3]Thiazine[60]fulleropyrrolidine (81) in CS2:CDCl3 at 600
MHz.

The 1H NMR of 81 (Figure 4.3) exhibits a diastereotopic behavior for the protons of the
[1,3]-Thiazinepyrrolo addend. We observed a set of signals for each proton due to the chair
conformation of the 6-membered ring where axial and equatorial protons are present (see Figure
4.2 inset). Two-dimensional NMR was performed to establish the H-H correlations and to
correctly assign the chemical shifts. As shown in Figure 4.4, the gradient COSY NMR shows
strong correlations that allowed us to confirm the preliminary chemical shift assignments.
Attempts to perform heteronuclear COSY NMR were unsuccessful because of the low solubility
of 81 in common organic solvents. No correlations through space were observed in the NOESY
NMR of 81 probably because of such the high constrained nature of the small ring system
(Figure 4.5).
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Figure 4.4:

Figure 4.5:

Gradient COSY NMR of mono-[1,3]Thiazine[60]fulleropyrrolidine (81) in
CS2:CDCl3 at 600 MHz.

NOESY NMR of mono-[1,3]Thiazine[60]fulleropyrrolidine (81) in CS2:CDCl3 at
600 MHz.
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Compound 81 was further characterized by electrochemical techniques and its cyclic and
square wave voltammograms are shown in Figure 4.6. Three cathodic reversible processes are
observed at -1.20, -1.58 and -2.09 V corresponding to the reduction of the C60 cage. No anodic
processes were observed. Interestingly, the square wave voltammogram shows a fourth reduction
at -2.54 V not seen in the cyclic voltammogram probably because of the solvent window limit.

-1.20

-1.20

Figure 4.6:

-1.58

-1.58 -2.10 -2.54

-2.09

Cyclic voltammogram and square wave voltammogram of 81 in 0.05 M
TBAPF6/o-DCB.

The characterization of the bis- (82) and tris-adducts (83) is somewhat more complicated
because of the high number of possible isomers in each fraction. A second addition to the C60
cage gives rise to eight possible isomers that are difficult to separate and often require extensive
HPLC purification, which is time and solvent consuming and not environmentally friendly.
Nevertheless, we attempted to isolate the pure bis-adducts. After recycling HPLC (Figure 4.7)
and isolation of a pure fraction we used absorption spectroscopy to reveal which bis-adducts out
of the eight possibilities we were able to isolate.
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Figure 4.7:

Recycling HPLC chromatogram of a pure bis-adduct fraction of 82.

Absorption spectroscopy of C60 bis-adducts have been well established by Nakamura, et
al.255 and their UV-vis spectra are used as fingerprints because the conjugation symmetries and
lengths of the cage are different depending on which bond the second addition occurs, therefore
each particular regioisomers exhibits a unique absorption spectrum. It was thus possible to easily
and accurately identify the regioisomer of the bis-addition to a trans-2 regioisomer (Figure 4.8).

Trans-2

Figure 4.8: Absorption spectrum of the collected pure bis-adduct trans-2-82 and its
comparison with a trans-2 regioisomer reported by Nakamura, et al. (inset).
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4.1.2

Synthesis and characterization of [1,3]Thiazine[70]fulleropyrrolidines
S
N
n
DL-Homocysteine
HCHOexs
ClBn, rf

n = 1; α: 84, β: 85, γ: 86
β': 87, γ': 88
2; 89
3; 90

Figure 4.9:

Synthetic route for the preparation of [1,3]Thiazine[70]fulleropyrrolidines 84-90.

Mono-[1,3]Thiazine[70]fulleropyrrolidines. C70 (0.1 g, 0.12 mmol), DL-Homocysteine
(0.019 g, 0.15 mmol), paraformaldehyde (0.035 g, 1.18 mmol). Fraction 1: 88 (2.5 mg, 2.2%),
fraction 2: 87 (4.5 mg, 4.0%) and fraction 3: 86:85:84 (78.2 mg, 69%).

Mono-[1,3]Thiazine-gamma-[70]fulleropyrrolidine

(88).

1

H

NMR

(600

MHz,

CS2:CDCl3, 298K) δ (ppm): 4.48 (d, J = 13.0 Hz, 1H), 4.10 (dd, J = 12.9, 2.5 Hz, 1H), 3.76 –
3.69 (m, 2H), 3.54 (s, 2H), 2.91 – 2.82 (m, 1H), 2.68 (dq, J = 13.7, 3.6 Hz, 2H). UV-vis (CHCl3)
λmax (nm): 330, 400, 514, 641, 743. MALDI-TOF MS (m/z): calcd. 955.046 [M]+, found 955.088
[M]+.

Figure 4.10:

1

H NMR of mono-[1,3]Thiazine-gamma-[70]fulleropyrrolidine (88) in CS2:CDCl3
at 600 MHz.
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Figure 4.11: Gradient COSY NMR of mono-[1,3]Thiazine-gamma-[70]fulleropyrrolidine (88)
in CS2:CDCl3 at 600 MHz.

Mono-[1,3]Thiazine-beta-[70]fulleropyrrolidine (87). 1H NMR (600 MHz, CS2:CDCl3,
298K) δ (ppm): 4.04 (dd, J = 10.6, 7.5 Hz, 2H), 3.83 (d, J = 12.0 Hz, 1H), 3.43 (d, J = 9.4 Hz,
1H), 3.19 – 3.14 (m, 1H), 2.86 (td, J = 13.2, 12.4, 2.3 Hz, 1H), 2.77 (dd, J = 13.8, 1.9 Hz, 1H),
2.46 – 2.38 (m, 1H), 1.71 (ddd, J = 25.2, 12.0, 3.5 Hz, 1H). UV-vis (CHCl3) λmax (nm): 324,
366, 401, 440, 582, 640, 694. MALDI-TOF MS (m/z): calcd. 955.046 [M]+, found 955.135
[M]+.
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*

Figure 4.12:

1

*

H NMR of mono-[1,3]Thiazine-beta-[70]fulleropyrrolidine (87) in CS2:CDCl3 at
600 MHz.

Figure 4.13: Gradient COSY NMR of mono-[1,3]Thiazine-beta-[70]fulleropyrrolidine (87) in
CS2:CDCl3 at 600 MHz.

Mono-[1,3]Thiazine-gamma-[70]fulleropyrrolidine

(86).

1

H

NMR

(600

MHz,

CS2:CDCl3, 298K) δ (ppm): 4.18 (d, J = 9.3 Hz, 1H), 4.04 (d, J = 11.7 Hz, 1H), 3.63 (d, J = 4.8
Hz, 1H), 3.37 (d, J = 11.7 Hz, 1H), 2.83 (d, J = 15.6 Hz, 1H), 2.69 (td, J = 13.7, 13.1, 2.6 Hz,
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1H), 2.59 – 2.53 (m, 1H), 2.35 (d, J = 9.4 Hz, 1H), 1.90 (dd, J = 11.3, 2.4 Hz, 1H). UV-vis
(CHCl3) λmax (nm): 324, 366, 400, 425, 516, 588, 635, 688. MALDI-TOF MS (m/z): calcd.
955.046 [M]+, found 954.094 [M-H]+.

*

Figure 4.14:

1

*

*

H NMR of mono-[1,3]Thiazine-gamma-[70]fulleropyrrolidine (86) in CS2:CDCl3
at 600 MHz.

* *

*

Figure 4.15: Gradient COSY NMR of mono-[1,3]Thiazine-gamma-[70]fulleropyrrolidine (86)
in CS2:CDCl3 at 600 MHz.
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Mono-[1,3]Thiazine-beta-[70]fulleropyrrolidine (85). 1H NMR (600 MHz, CS2:CDCl3,
298K) δ (ppm): 4.24 (d, J = 9.4 Hz, 1H), 4.16 (dd, J = 12.1, 2.0 Hz, 1H), 4.07 – 4.04 (m, 1H),
3.83 (d, J = 11.8 Hz, 1H), 3.43 (d, J = 9.4 Hz, 1H), 3.15 (d, J = 9.3 Hz, 1H), 2.96 – 2.89 (m, 1H),
2.59 (dd, J = 13.4, 2.9 Hz, 1H), 2.45 – 2.40 (m, 1H). UV-vis (CHCl3) λmax (nm): 320, 365, 399,
437, 540, 595, 640, 688. MALDI-TOF MS (m/z): calcd. 955.046 [M]+, found 954.140 [M]+.

*
*

*

Figure 4.16:

1

*

H NMR of mono-[1,3]Thiazine-beta-[70]fulleropyrrolidine (85) in CS2:CDCl3 at
600 MHz.
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Figure 4.17: Gradient COSY NMR of mono-[1,3]Thiazine-beta-[70]fulleropyrrolidine (85) in
CS2:CDCl3 at 600 MHz.

Mono-[1,3]Thiazine-alpha-[70]fulleropyrrolidine (84). 1H NMR (600 MHz, CS2:CDCl3,
298K) δ (ppm): 4.62 (d, J = 9.0 Hz, 1H), 4.31 – 4.26 (m, 1H), 3.97 (dd, J = 11.8, 4.1 Hz, 1H),
3.59 (d, J = 9.0 Hz, 1H), 3.33 (d, J = 9.0 Hz, 1H), 3.11 – 3.09 (m, 1H), 2.88 (d, J = 2.3 Hz, 1H),
2.47 (dd, J = 13.2, 2.9 Hz, 1H), 2.23 – 2.18 (m, 1H). UV-vis (CHCl3) λmax (nm): 307, 339, 399,
461, 536, 660. MALDI-TOF MS (m/z): calcd. 955.046 [M]+, found 954.189 [M]+.
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*

*
*

Figure 4.18:

1

*

H NMR of mono-[1,3]Thiazine-alpha-[70]fulleropyrrolidine (84) in CS2:CDCl3
at 600 MHz.

*

*

*

*

Figure 4.19: Gradient COSY NMR of mono-[1,3]Thiazine-alpha-[70]fulleropyrrolidine (84) in
CS2:CDCl3 at 600 MHz.

Bis-[1,3]Thiazine[70]fulleropyrrolidine (89). MALDI-TOF MS (m/z): calcd. 1070.091
[M]+, found 1070.078 [M]+.
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Tris-[1,3]Thiazine-[70]fulleropyrrolidine (90). MALDI-TOF MS (m/z): calcd. 1185.137
[M]+, found 1185.295 [M]+.

Different to C60, C70 exhibits four different reactive double bonds (α, β, γ and δ) that give
rise to four possible [1,3]Thiazine-fulleropyrrolidine mono-adduct isomers (Figure 4.20). The
delta bond is the least reactive double bond in C70 and additions to this bond are rarely seen.256

α

β
γ
δ

Figure 4.20: C70 reactive double bonds (magenta: alpha; blue: beta; green: gamma; orange:
delta).

After column chromatography three fractions corresponding to the exact mass of monoadducts were recovered. The HPLC chromatogram for each fraction is presented in Figure 4.21.
Fractions 2 and 3 corresponded to pure isomers with similar retention times (20.40 min and
20.53 min, respectively). Fraction 4 corresponded to the isomeric mixture of α, β, and γ isomers,
which are not separable using conventional column chromatography.
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Figure 4.21: HPLC chromatogram of C70 mono-adducts collected from SiO2 gel
chromatography. (F1: unknown; F2-4: mono-adducts)

As in the case of C60 bis-adducts, the UV-vis absorption spectrum of each C70 monoadduct isomer possesses a unique absorption pattern that allows for their easy identification as α,
β, and γ isomers. Figure 4.22 shows the UV-vis spectrum for fractions 2 and 3. After comparing
their absorption characteristics to those of the reported alpha, beta and gamma absorption spectra
they were identified as beta (87) and gamma (88) isomers, respectively.

Figure 4.22: UV-vis spectrum of 87 and 88.
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The isomeric mixture of α:β:γ in fraction 3 was further purified using HPLC to separate
each isomer. Figure 4.23 shows the chromatograms for the isomeric mixture and for the pure
isolated isomers along with their UV-vis absorption spectra.

Figure 4.23: (a) HPLC chromatogram for the isolated isomers 84-86 and (b) UV-vis spectra of
84-86 (inset: UV-vis spectra from reported isomers)257.

Only three mono-adducts were expected, however, two additional isomers, β’ (87) and γ’
(88) were surprisingly observed; furthermore they were easily isolated by column
chromatography. Compounds 84-87 exhibited the same diastereotopic behavior as the C60 monoadduct with the exception of 88, for which fewer signals are observed, it is suspected that the
ring conformation is different from the others. The structure assignment for 88 is still in progress
and a single crystal X-ray structure determination is underway.

4.1.3

Biological Results
For biological studies, the compounds need to be soluble in aqueous media.

Consequently, the corresponding quaternary salts of compounds 81-83 were prepared in
collaboration

with

doctoral

student

Edison

A.

Castro-Portillo.

The

[1,3]Thiazine-

[60]fulleropyrrolidinium salts 91 and a regioisomeric mixture of 92 and 93 (Figure 4.25) were
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provided to the group of Dr. Manuel Llanos in the Department of Biological Sciences (UTEP)
and doctoral student Zachary S. Martínez performed the biological studies involving HIV.
Without treatment, there are three HIV infection stages: (1) acute HIV infection, (2)
clinical latency, and (3) AIDS. During the acute HIV infection, the virus start targeting the CD4
cells, which are part of the human immune system. The virus uses the CD4 count to replicate and
destroy them in the process causing the CD4 cells to fall rapidly. Patients start to exhibit flu-like
symptoms that are often mistaken for common flu symptoms. During this stage, a person with
HIV is at risk of transmitting it because the levels of HIV in their bloodstream are very high. On
the other hand, during the clinical latency stage, which is the period where the virus is
developing but no symptoms are produced. There is still the risk of transmission because
although the virus is present at low levels, they can rise up if the patient is not under
antiretroviral treatment. In the last stage, your immune system in severely damage and you had
developed AIDS.

Figure 4.24: HIV life cycle. Reprinted with permission from Engelman, A.; Cherepanov, P.
Nat Rev Micro 2012, 10, 279.258 (See Appendix I for copyright letter)
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When the CD4 cells are infected with HIV, the virus undergoes multiple steps to
reproduced itself and infect more cells. The HIV life cycle (Figure 4.24) can be described by the
following steps: (1 and 2) Binding and Fusion, HIV binds to a specific type of CD4 receptor and
a co-receptor on the surface of the CD4 cell, the HIV can fuse with the host cell and release its
genetic material. (4) Reverse Transcription, the reverse transcriptase enzyme modify the genetic
material of the virus, and allows its integration to the host DNA. (6) Integration: once the genetic
material is in the nucleus of the CD4 cells, the integrase enzyme integrates the virus into your
own genetic material, during which it can remain inactive for several years. (7) Transcription,
the host cell becomes activated, and the virus uses your own enzymes to create more of its
genetic material and produces longer proteins. (10) Assembly, the protease enzyme cuts the
longer HIV proteins into individual proteins, when they assemble along with the virus’ genetic
material a new virus is assembled. Lastly, (11) budding, the virus leave the host cell, taking part
of the membrane of the cell, it binds to a new CD4 cell and receptors, and the cycle starts again.
It is important to know the HIV cycle because medications used to control the HIV life cycle
need to interrupt this cycle.
Compounds 91-93 were tested in vitro for the late stage of HIV infectivity and the results
showed that these new types of [1,3]thiazine fullerene derivatives are potent late stage HIV
inhibitors even after virus mutation. Figure 4.25 summarizes the infectivity percentages for
compounds 91-93. DMSO was used as the 100% infectivity control, the percentage of infectivity
for 91, 92 and 93 were 45%, 0.39% and 2.03%, respectively.
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Figure 4.25: Late stage HIV inhibition results.

4.2

CONCLUSION AND RECOMMENDATIONS
A new class of fullerene derivatives was designed and synthesized with potent biological

application. Potent late stage HIV inhibition was observed for the C60 derivatives. The significant
difference in inhibition between compound 91 when compared to 92 and 93 can be explained by
the lower solubility of the mono-adduct compared to the bis- and tris-adducts, which exhibited
high solubility. However, it has been observed in our group that C70 derivatives often exhibit
higher HIV inhibition, therefore the [1,3]Thiazine[70]fulleropyrrolidinium salts of 84-90 will be
prepared and provided to our collaborators to study their effectiveness as HIV inhibition agents
when compared to C60 derivatives.
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Fourier transform infrared spectroscopy
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Highest occupied molecular orbital

HPLC
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i
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Intramolecular charge transfer
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Molecular orbital
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Charge
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Spin-orbit coupling
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SWV

Square wave voltammetry
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TBAPF6
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Transparent conductive oxide
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W
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Appendix A: Fullerene Dumbbells
The design of D-A systems (dyads, triads and tetrads) that can be of potential use in
organic photovoltaics is of great interest. In this section we present the synthesis and
characterization of a potential A-D-D-A tetrad for self-organized photoactive layers in bulkheterojunction and as hole transporting materials in hybrid perovskite solar cells.
Br
N

TMS

Br

O

ii

N

i

O
N

31

98

iii
O
OH

HO

O

O

iv

O

N

N

I
99
iv
N

N
N

O
N

v

N

O
N

100

101

Figure A.1: Synthetic route for the preparation of A-D-D-A tetrad 102. (i: POCl3, DMF, rf; ii:
TMSA, CuI, PdCl2(PPh3)2, TEA, THF, 60 °C; iii: KOH, MeOH, rt; iv: CuI, Pd(PPh3)4, TEA,
Toluene, 60 °C; v: C60, N-octylglycine, o-DCB, rf)

Synthesis of 4-(phenyl(4-((trimethylsilyl)ethynyl)phenyl)amino)benzaldehyde (98). The
procedure for the preparation of 70 was followed.

Synthesis of 4-((4-ethynylphenyl)(phenyl)amino)benzaldehyde (99). The procedure for
the preparation of 71 was followed. 1H NMR (600 MHz, CDCl3, 298K) δ (ppm): 9.83 (s, 1H),
7.69 (d, J = 8.7 Hz, 2H), 7.41 (d, J = 8.4 Hz, 2H), 7.34 (t, J = 7.9 Hz, 2H), 7.19 (t, J = 7.5 Hz,
1H), 7.14 (d, J = 8.2 Hz, 2H), 7.06 (t, J = 9.1 Hz, 4H), 3.07 (s, 1H).
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Synthesis

of

4,4'-(4,4'-(buta-1,3-diyne-1,4-diyl)bis(4,1-

phenylene))bis(phenylazanediyl)dibenzaldehyde (100). The procedure for the preparation of 73
was followed. 1H NMR (600 MHz, CDCl3, 298K) δ (ppm): 9.85 (s, 1H), 7.72 (d, J = 8.7 Hz,
2H), 7.44 (d, J = 8.7 Hz, 2H), 7.36 (t, J = 7.9 Hz, 2H), 7.21 (t, J = 7.5 Hz, 1H), 7.16 (d, J = 7.7
Hz, 2H), 7.09 (dd, J = 11.1, 8.6 Hz, 4H). MALDI-TOF MS (m/z): calcd. 592.215 [M]+, found
592.248 [M]+.

Synthesis of A-D-D-A tetrad (101). The general procedure for 1,3-dipolar cycloaddition
reactions was followed.133 Column chromatography using silica gel eluting with Hexanes:CS2
afforded the desired compound 102. 1H NMR (600 MHz, CDCl3, 298K) δ (ppm): 7.70 (s, 2H),
7.26 (s, 2H), 7.24 – 7.20 (m, 2H), 7.14 – 7.08 (m, 2H), 7.02 (dd, J = 13.9, 7.5 Hz, 3H), 6.83 (d, J
= 8.7 Hz, 2H), 5.08 (d, J = 9.3 Hz, 1H), 5.03 (s, 1H), 4.12 (d, J = 9.1 Hz, 1H), 3.33 (m, 1H), 2.60
(ddd, J = 12.1, 8.5, 4.2 Hz, 1H), 2.03 – 1.95 (m, 1H), 1.94 – 1.85 (m, 1H), 1.67 (dq, J = 13.5, 8.2,
7.2 Hz, 1H), 1.53 (s, 2H), 1.46 (dtd, J = 8.9, 6.1, 4.8, 2.6 Hz, 2H), 1.43 – 1.36 (m, 2H), 1.33 (p, J
= 4.4 Hz, 4H), 1.29 (t, J = 7.2 Hz, 2H), 0.91 (d, J = 6.6 Hz, 3H), 0.88 (t, J = 7.2 Hz, 3H). UV-vis,
λmax (nm): 273, 310, 327, 348, 377, 401. MALDI-TOF MS (m/z): calcd. 2282.529 [M]+, found
2224.986 [M-C4H9]+.

Figure A.2:

1

H NMR of 101 in CDCl3 at 600 MHz.
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Figure A.3: Cyclic and square wave voltammograms of 101 after HPLC purification.
(Solvent: o-DCB; Electrolyte: 0.05 M TBAPF6; Scan rate: 100 mV/s; Internal reference: Fc/Fc+)
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101
CH3NH3PbI3
PC61BM
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Figure A.4: Electrochemically calculated HOMO-LUMO energy levels of 101 and its
comparison with P3HT, PCBM and CH3NH3PbI3. (The following equations were used to
calculate electrochemical bandgaps: EHOMO = -q(Eonsetox +4.38) eV; ELUMO = -q(Eonsetred -4.38) eV

The successful synthesis and characterization of tetrad 101 was achieved. The cyclic
voltammogram (Figure A.3) exhibits three reversible processes in the cathodic region centered
on the C60 cage and three processes based on the TPA donor moiety in the anodic region. The
oxidation processes are not very close to each other and reversibility cannot be established.
Based on the electrochemically calculated HOMO-LUMO energy levels (Figure A.5), the A-DD-A tetrad posses a narrower band-gap compared to P3HT and PCBM. It can be incorporated as
an additive in BHJ solar cells and as a hole transporting material in perovskite solar cells.
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Appendix B: Rhodanine Anchor Group Study for DSSCs
It is well known that the anchoring groups in the dye structures play an important role in
the overall efficiency of the DSSC devices.259 In an effort to study the effect of different anchor
groups and to increase the power conversion efficiencies of the bulky dyes studied in section
1.2.3, different rhodanine groups were incorporated into dye 14. Dr. Alexis Tigreros from
Universidad del Valle in Cali, Colombia provided dyes 102-104 (see Figure B.1).
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Dye structures for different rhodanine anchor groups.

The DSSC device preparation was the same used for dyes 13-14 and 18 as described in
the experimental section of Chapter 1, section 1.2.3 (page 40). The solar cell characteristics are
shown in Table B.1 and contrary to the cyanoacrylic acid anchor used for dye 14, the efficiency
of the devices did not surpass those of dye 14. These results suggest that the rhodanine group is
not an efficient electron acceptor for the dyes under study and that it could possibly be favoring
electron recombination because of the strong coupling of rhodanine with the liquid electrolyte
intermediate I2.260 The incorporation of –CO2H groups to the rhodanine core usually increase the
PCEs but in our case it did not yield higher PCEs.
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Table B.1: Solar cell characteristics of dyes 14, 102-104 and N719.
Compounds
14
102
103
104
N719

Voc
(V)
0.83
0.661
0.687
0.691
0.805

Jsc
(mA/cm2)
6.63
2.56
1.69
1.97
19.0
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FF

η (%)

0.74
0.70
0.68
0.69
0.52

4.09
1.08
0.46
0.80
7.67

Appendix C: Paraformaldehyde-free 1,3-dipolar cycloaddition reactions
1,3-dipolar cycloaddition reactions are among the most utilized reactions for the
functionalization of fullerenes. Under conventional conditions, an amino acid and an aldehyde
are required to form an ylide intermediate that will react with the carbon cage to form a
pyrrolidine ring. Decarboxylation of the amino acid at high temperature is necessary for the
formation of the ylide; therefore, high boiling point solvents such as o-dichlorobenzene,
chlorobenzene or toluene are often used. When N-substituted pyrrolidine rings are of interest,
excess amount (> 5 equiv) of paraformaldehyde is used as the aldehyde source (Figure C.1, left).
Paraformaldehyde is a very toxic and potentially carcinogenic compound that needs to be
avoided when possible. Therefore, it is necessary to find new synthetic strategies that avoid the
usage of paraformaldehyde.

Paraformaldehyde-driven
Paraformaldehyde-free
ylide formation
ylide formation
Figure C.1: Paraformaldehyde-driven ylide formation (left) and paraformaldehyde-free ylide
formation.

We synthesized the di-acetic acid compound 106 that should in principle decarboxylate
and consequently form the same ylide (Figure C.1, right) that would form in the presence of the
mono-acetic acid and paraformaldehyde (Figure C.1, left).
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Figure C.2: Synthetic route for the preparation of paraformaldehyde-free 1,3-dipolar
cycloadditions. (i: Ethyl bromoacetate, DMF, reflux; ii: 5 M HCl:Dioxane, 100 °C; iii: C60, 106,
o-DCB, rf; iv: C60-tetramalonate, o-DCB, rf; R = -CO2Et).

Synthesis of 4-(bis(2-ethoxy-2-oxoethyl)amino)benzoic acid (105). To a round bottom
flask, 4-aminobenzoic acid (1.0 g, 7.3 mmol) dissolved in 10 mL of DMF was added. The
solution was heated to reflux and ethyl bromoacetate was added dropwise (1.70 mL, 15.33
mmol) and it was stirred overnight. After this time, the reaction was allowed to cool down and it
was dissolved in ethyl acetate and extracted with NaHCO3 (3 x 25 mL). The organic phase was
dried over Na2SO4 and the solvent removed under reduced pressure. Column chromatography
using silica gel and CH2Cl2:MeOH (95:5) as eluent afforded the desired product 105 (0.60 g,
39%). 1H NMR (600 MHz, CDCl3, 298K) δ (ppm): 7.97 (d, J = 8.8 Hz, 2H), 6.60 (d, J = 9.0 Hz,
2H), 4.23 (q, J = 7.0 Hz, 4H), 4.19 (s, 4H), 1.33 – 1.20 (m, 6H).

Synthesis of 2,2'-(4-carboxyphenylazanediyl)diacetic acid (106). To a one-neck round
bottom flask was added 105 (0.60 g, 1.94 mmol) followed by 5 mL of a 5M HCl:Dioxane
solution and te reaction was heated at 100 °C for 5 hours. After this time, the reaction was
allowed to cool down and the resulting solid was filtered and washed with cold water. The solid
was dried under vacuum before using it for the 1,3-dipolar cycloaddition reactions (0.32 g, 53%).
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1

H NMR (600 MHz, DMSO-d6, 298K) δ (ppm): 12.56 (bs, 3H), 7.74 (d, J = 9.0 Hz, 2H), 6.56 (d,

J = 9.0 Hz, 2H), 4.17 (s, 4H).

Synthesis of N-benzoic acid[60] fulleropyrrolidine (107). The general procedure for 1,3dipolar cycloaddition reactions was followed (11.3 mg, 45%).133 1H NMR (600 MHz, CDCl3,
298K) δ (ppm): 7.80 (d, 2H), 6.64 (d, 2H). MALDI-TOF MS (m/z): calcd. 883.063 [M]+, found
883.887 [M]+.

Synthesis of N-benzoic acid[60-tetramalonate]fulleropyrrolidine (108). The general
procedure for 1,3-dipolar cycloaddition reactions was followed.133 1H NMR (600 MHz, CDCl3,
298K) δ (ppm): 7.80 (d, 2H), 6.64 (d, 2H). MALDI-TOF MS (m/z): calcd. 883.063 [M]+, found
883.887 [M]+. 1H NMR of aromatic region (CDCl3, 600 MHz) for δ (ppm): 108a: 7.95 (d, 2H),
6.65 (d, 2H). 108b: 8.05 (d, 1H), 8.02 (d, 1H), 7.00 (d, 1H), 6.90 (d, 1H). MALDI-TOF MS
(m/z): calcd. 1515.295 [M]+, found 1516.321 [M+H]+.

Since it was demonstrated that the 1,3-dipolar cycloaddition proceeded without the
addition of paraformaldehyde in the presence of C60, a methodology study was performed to
compare the reaction yield and time in the presence/absence of paraformaldehyde with C60tetramalonate. The purpose of using C60-tetramalonate was to decrease the number of possible
bis-adduct isomers and obtain the trans-1 isomer (Figure C.3) in collaboration with doctoral
student Catalina Suárez for the preparation of extended metal organic frameworks using
bimetallic assemblies. Herein, we only described the paraformaldehyde-free 1,3-dipolar
cycloaddition reaction.
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trans-1 isomer (R = -CO2Et).

As shown in Figure C.4, the reaction yields in the presence/absence of paraformaldehyde
are very similar. This demonstrates that using “bis-amino acids” for 1,3-dipolar cycloadditions
that require paraformaldehyde can be perform in the absence of this highly toxic and potential
carcinogenic compound. We are currently working on the preparation of different di-acetic acid
compounds to establish a general methodology that can be apply to any desire N-substituted
fulleropyrrolidines.

Figure C.4: Reaction yields comparison between paraformaldehyde-driven and
paraformaldehyde-free 1,3-dipolar cycloaddition on C60-tetramalonate.
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License Number

3722050948534

License date

Oct 04, 2015

Licensed content publisher

Royal Society of Chemistry

Licensed content publication Chemical Communications (Cambridge)
Licensed content title

Effect of copper metal on the yield of Sc3N@C80 metallofullerenes

Licensed content author

Steven Stevenson,Mary A. Mackey,M. Corey Thompson,H. Louie
Coumbe,Praveen K. Madasu,Curtis E. Coumbe,J. Paige Phillips

Licensed content date

Aug 10, 2007

Issue number

41

Type of Use

Thesis/Dissertation

Requestor type

academic/educational

Portion

figures/tables/images

Number of
figures/tables/images

1

Format

print and electronic

Distribution quantity

100

Will you be translating?

no

Order reference number

None

Title of the
thesis/dissertation

TRIPHENYLAMINE-, PORPHYRIN- AND FULLERENE-BASED
DERIVATIVES FOR PHOTOVOLTAIC AND OTHER APPLICATIONS

Expected completion date

Dec 2015

Estimated size

200

Total

0.00 USD

Terms and Conditions
This License Agreement is between {Requestor Name} (“You”) and The Royal Society of
Chemistry (“RSC”) provided by the Copyright Clearance Center (“CCC”). The license consists of
your order details, the terms and conditions provided by the Royal Society of Chemistry, and the
payment terms and conditions.
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RSC / TERMS AND CONDITIONS
INTRODUCTION
The publisher for this copyrighted material is The Royal Society of Chemistry. By clicking
“accept” in connection with completing this licensing transaction, you agree that the
following terms and conditions apply to this transaction (along with the Billing and Payment
terms and conditions established by CCC, at the time that you opened your RightsLink
account and that are available at any time at .
LICENSE GRANTED
The RSC hereby grants you a non-exclusive license to use the aforementioned material
anywhere in the world subject to the terms and conditions indicated herein. Reproduction of
the material is confined to the purpose and/or media for which permission is hereby given.
RESERVATION OF RIGHTS
The RSC reserves all rights not specifically granted in the combination of (i) the license
details provided by your and accepted in the course of this licensing transaction; (ii) these
terms and conditions; and (iii) CCC’s Billing and Payment terms and conditions.
REVOCATION
The RSC reserves the right to revoke this license for any reason, including, but not limited
to, advertising and promotional uses of RSC content, third party usage, and incorrect source
figure attribution.
THIRD-PARTY MATERIAL DISCLAIMER
If part of the material to be used (for example, a figure) has appeared in the RSC publication
with credit to another source, permission must also be sought from that source. If the other
source is another RSC publication these details should be included in your RightsLink
request. If the other source is a third party, permission must be obtained from the third party.
The RSC disclaims any responsibility for the reproduction you make of items owned by a
third party.
PAYMENT OF FEE
If the permission fee for the requested material is waived in this instance, please be advised
that any future requests for the reproduction of RSC materials may attract a fee.
ACKNOWLEDGEMENT
The reproduction of the licensed material must be accompanied by the following
acknowledgement:
Reproduced (“Adapted” or “in part”) from {Reference Citation} (or Ref XX) with
permission of The Royal Society of Chemistry.
If the licensed material is being reproduced from New Journal of Chemistry (NJC),
Photochemical & Photobiological Sciences (PPS) or Physical Chemistry Chemical Physics
(PCCP) you must include one of the following acknowledgements:
For figures originally published in NJC:
Reproduced (“Adapted” or “in part”) from {Reference Citation} (or Ref XX) with
permission of The Royal Society of Chemistry (RSC) on behalf of the European Society for
Photobiology, the European Photochemistry Association and the RSC.
For figures originally published in PPS:
Reproduced (“Adapted” or “in part”) from {Reference Citation} (or Ref XX) with
permission of The Royal Society of Chemistry (RSC) on behalf of the Centre National de la
Recherche Scientifique (CNRS) and the RSC.
For figures originally published in PCCP:
Reproduced (“Adapted” or “in part”) from {Reference Citation} (or Ref XX) with
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permission of the PCCP Owner Societies.
HYPERTEXT LINKS
With any material which is being reproduced in electronic form, you must include a
hypertext link to the original RSC article on the RSC’s website. The recommended form for
the hyperlink is http://dx.doi.org/10.1039/DOI suffix, for example in the link
http://dx.doi.org/10.1039/b110420a the DOI suffix is ‘b110420a’. To find the relevant DOI
suffix for the RSC article in question, go to the Journals section of the website and locate the
article in the list of papers for the volume and issue of your specific journal. You will find
the DOI suffix quoted there.
LICENSE CONTINGENT ON PAYMENT
While you may exercise the rights licensed immediately upon issuance of the license at the
end of the licensing process for the transaction, provided that you have disclosed complete
and accurate details of your proposed use, no license is finally effective unless and until full
payment is received from you (by CCC) as provided in CCC's Billing and Payment terms
and conditions. If full payment is not received on a timely basis, then any license
preliminarily granted shall be deemed automatically revoked and shall be void as if never
granted. Further, in the event that you breach any of these terms and conditions or any of
CCC's Billing and Payment terms and conditions, the license is automatically revoked and
shall be void as if never granted. Use of materials as described in a revoked license, as well
as any use of the materials beyond the scope of an unrevoked license, may constitute
copyright infringement and the RSC reserves the right to take any and all action to protect its
copyright in the materials.
WARRANTIES
The RSC makes no representations or warranties with respect to the licensed material.
INDEMNITY
You hereby indemnify and agree to hold harmless the RSC and the CCC, and their
respective officers, directors, trustees, employees and agents, from and against any and all
claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this licence.
NO TRANSFER OF LICENSE
This license is personal to you or your publisher and may not be sublicensed, assigned, or
transferred by you to any other person without the RSC's written permission.
NO AMENDMENT EXCEPT IN WRITING
This license may not be amended except in a writing signed by both parties (or, in the case
of “Other Conditions, v1.2”, by CCC on the RSC's behalf).
OBJECTION TO CONTRARY TERMS
You hereby acknowledge and agree that these terms and conditions, together with CCC's
Billing and Payment terms and conditions (which are incorporated herein), comprise the
entire agreement between you and the RSC (and CCC) concerning this licensing transaction,
to the exclusion of all other terms and conditions, written or verbal, express or implied
(including any terms contained in any purchase order, acknowledgment, check endorsement
or other writing prepared by you). In the event of any conflict between your obligations
established by these terms and conditions and those established by CCC's Billing and
Payment terms and conditions, these terms and conditions shall control.
JURISDICTION
This license transaction shall be governed by and construed in accordance with the laws of
the District of Columbia. You hereby agree to submit to the jurisdiction of the courts located
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in the District of Columbia for purposes of resolving any disputes that may arise in
connection with this licensing transaction.
LIMITED LICENSE
The following terms and conditions apply to specific license types:
Translation
This permission is granted for non-exclusive world English rights only unless your license
was granted for translation rights. If you licensed translation rights you may only translate
this content into the languages you requested. A professional translator must perform all
translations and reproduce the content word for word preserving the integrity of the article.
Intranet
If the licensed material is being posted on an Intranet, the Intranet is to be passwordprotected and made available only to bona fide students or employees only. All content
posted to the Intranet must maintain the copyright information line on the bottom of each
image. You must also fully reference the material and include a hypertext link as specified
above.
Copies of Whole Articles
All copies of whole articles must maintain, if available, the copyright information line on the
bottom of each page.
Other Conditions
v1.2
Gratis licenses (referencing $0 in the Total field) are free. Please retain this printable license
for your reference. No payment is required.
If you would like to pay for this license now, please remit this license along with
yourpayment made payable to "COPYRIGHT CLEARANCE CENTER" otherwise you will
be invoiced within 48 hours of the license date. Payment should be in the form of a check or
money order referencing your account number and this invoice number {Invoice Number}.
Once you receive your invoice for this order, you may pay your invoice by credit card.
Please follow instructions provided at that time.
Make Payment To:
Copyright Clearance Center
Dept 001
P.O. Box 843006
Boston, MA 02284-3006
For suggestions or comments regarding this order, contact Rightslink Customer Support:
customercare@copyright.com or +1-855-239-3415 (toll free in the US) or +1-978-646-2777.
Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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American Physical Society
License Details
Oct 28, 2015

This is an Agreement between Danisha M Rivera ("You") and American Physical Society
("Publisher"). It consists of your order details, the terms and conditions provided by American
Physical Society, and the payment instructions.
License Number

3737900937254

License date

Oct 28, 2015

Licensed content publisher

American Physical Society

Licensed content publication Physical Review Applied
Licensed content title

Two-Dimensional Nanoscale Imaging of Gadolinium Spins via
Scanning Probe Relaxometry with a Single Spin in Diamond

Licensed copyright line

© 2014 American Physical Society

Licensed content author

M. Pelliccione et al.

Licensed content date

Nov 25, 2014

Volume number

2

Type of Use

Thesis/Dissertation

Requestor type

Student

Format

Print, Electronic

Portion

chart/graph/table/figure

Number of
1
charts/graphs/tables/figures
Portion description

Figure 1

Rights for

Main product

Duration of use

Life of current edition

Creation of copies for the
disabled

no

With minor editing privileges no
For distribution to

Worldwide

In the following language(s) Original language of publication
With incidental promotional
use

no

The lifetime unit quantity of 0 to 499
new product
The requesting
person/organization is:

Danisha M Rivera-Nazario

Order reference number

None

Title of your thesis /

TRIPHENYLAMINE-, PORPHYRIN- AND FULLERENE-BASED
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dissertation

DERIVATIVES FOR PHOTOVOLTAIC AND OTHER APPLICATIONS

Expected completion date

Dec 2015

Expected size (number of
pages)

200

Total

0.00 USD

Terms and Conditions

Terms and Conditions
The American Physical Society (APS) is pleased to grant the Requestor of this license a nonexclusive, non-transferable permission, limited to [print and/or electronic format,
depending on what they chose], provided all criteria outlined below are followed.
1. For electronic format permissions, Requestor agrees to provide a hyperlink from the
reprinted APS material using the source material’s DOI on the web page where the work
appears. The hyperlink should use the standard DOI resolution URL,
http://dx.doi.org/{DOI}. The hyperlink may be embedded in the copyright credit line.
2. For print format permissions, Requestor agrees to print the required copyright credit line
on the first page where the material appears: "Reprinted (abstract/excerpt/figure) with
permission from [(FULL REFERENCE CITATION) as follows: Author's Names, APS
Journal Title, Volume Number, Page Number and Year of Publication.] Copyright (YEAR)
by the American Physical Society."
3. Permission granted in this license is for a one-time use and does not include permission
for any future editions, updates, databases, formats or other matters. Permission must be
sought for any additional use.
4. Use of the material does not and must not imply any endorsement by APS.
5. Under no circumstance does APS purport or intend to grant permission to reuse materials
to which it does not hold copyright. It is the requestors sole responsibility to ensure the
licensed material is original to APS and does not contain the copyright of another entity, and
that the copyright notice of the figure, photograph, cover or table does not indicate that it
was reprinted by APS, with permission from another source.
6. The permission granted herein is personal to the Requestor for the use specified and is not
transferable or assignable without express written permission of APS. This license may not
be amended except in writing by APS.
7. You may not alter, edit or modify the material in any manner.
8. You may translate the materials only when translation rights have been granted.
9. You may not use the material for promotional, sales, advertising or marketing purposes.
10. The foregoing license shall not take effect unless and until APS or its agent, Copyright
Clearance Center (CCC), receives payment in full in accordance with CCC Billing and
Payment Terms and Conditions, which are incorporated herein by reference.
11. Should the terms of this license be violated at any time, APS or CCC may revoke the
license with no refund to you and seek relief to the fullest extent of the laws of the USA.
Official written notice will be made using the contact information provided with the
permission request. Failure to receive such notice will not nullify revocation of the
permission.
12. APS reserves all rights not specifically granted herein.
13. This document, including the CCC Billing and Payment Terms and Conditions, shall be
the entire agreement between the parties relating to the subject matter hereof.
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Other Terms and Conditions
Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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JOHN WILEY AND SONS LICENSE
TERMS AND CONDITIONS
Sep 27, 2015

This Agreement between Danisha M Rivera ("You") and John Wiley and Sons ("John Wiley
and Sons") consists of your license details and the terms and conditions provided by John
Wiley and Sons and Copyright Clearance Center.
License Number

3716910746032

License date

Sep 27, 2015

Licensed Content Publisher

John Wiley and Sons

Licensed Content Publication Chemistry - A European Journal
Licensed Content Title

Geometric Influence on Intramolecular Photoinduced Electron
Transfer in Platinum(II) Acetylide-Linked Donor–Acceptor
Assemblies

Licensed Content Author

Agustín Molina-Ontoria,Danisha M. Rivera-Nazario,Alexis
Tigreros,Alejandro Ortiz,José E. Nuñez,Braulio Insuasty,Daniela
Lueders,Silke Wolfrum,Dirk M. Guldi,Luis Echegoyen

Licensed Content Date

Jul 30, 2014

Pages

9

Type of use

Dissertation/Thesis

Requestor type

Author of this Wiley article

Format

Print and electronic

Portion

Full article

Will you be translating?

No

Title of your thesis /
dissertation

TRIPHENYLAMINE-, PORPHYRIN- AND FULLERENE-BASED
DERIVATIVES FOR PHOTOVOLTAIC AND OTHER APPLICATIONS

Expected completion date

Dec 2015

Expected size (number of
pages)

200

Requestor Location

Danisha M Rivera-Nazario
4111 Westcity Ct Apt 252

El Paso , TX 79902
United States
Attn: Danisha M Rivera-Nazario
Billing Type

Invoice

Billing Address

Danisha M Rivera-Nazario
4111 Westcity Ct Apt 252
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El Paso , TX 79902
United States
Attn: Danisha M Rivera-Nazario
Total

0.00 USD

Terms and Conditions

TERMS AND CONDITIONS
This copyrighted material is owned by or exclusively licensed to John Wiley & Sons, Inc. or
one of its group companies (each a"Wiley Company") or handled on behalf of a society with
which a Wiley Company has exclusive publishing rights in relation to a particular work
(collectively "WILEY"). By clicking �accept� in connection with completing this
licensing transaction, you agree that the following terms and conditions apply to this
transaction (along with the billing and payment terms and conditions established by the
Copyright Clearance Center Inc., ("CCC's Billing and Payment terms and conditions"), at
the time that you opened your Rightslink account (these are available at any time at
http://myaccount.copyright.com).
Terms and Conditions
The materials you have requested permission to reproduce or reuse (the "Wiley
Materials") are protected by copyright.
You are hereby granted a personal, non-exclusive, non-sub licensable (on a standalone basis), non-transferable, worldwide, limited license to reproduce the Wiley
Materials for the purpose specified in the licensing process This license, and any
content (PDF or image file) purchased as part of your order, is for a one-time use
only and limited to any maximum distribution number specified in the license. The
first instance of republication or reuse granted by this licence must be completed
within two years of the date of the grant of this licence (although copies prepared
before the end date may be distributed thereafter). The Wiley Materials shall not be
used in any other manner or for any other purpose, beyond what is granted in the
license. Permission is granted subject to an appropriate acknowledgement given to the
author, title of the material/book/journal and the publisher. You shall also duplicate the
copyright notice that appears in the Wiley publication in your use of the Wiley
Material. Permission is also granted on the understanding that nowhere in the text is a
previously published source acknowledged for all or part of this Wiley Material. Any
third party content is expressly excluded from this permission.
For STM Signatory Publishers clearing permission under the terms of the STM
Permissions Guidelines only, the terms of the license are extended to include
subsequent editions and for editions in other languages, provided such editions are for
the work as a whole in situ and does not involve the separate exploitation of the
permitted figures or extracts.
With respect to the Wiley Materials, all rights are reserved. Except as expressly
granted by the terms of the license, no part of the Wiley Materials may be copied,
modified, adapted (except for minor reformatting required by the new Publication),
translated, reproduced, transferred or distributed, in any form or by any means, and no
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derivative works may be made based on the Wiley Materials without the prior
permission of the respective copyright owner. You may not alter, remove or suppress
in any manner any copyright, trademark or other notices displayed by the Wiley
Materials. You may not license, rent, sell, loan, lease, pledge, offer as security, transfer
or assign the Wiley Materials on a stand-alone basis, or any of the rights granted to
you hereunder to any other person.
The Wiley Materials and all of the intellectual property rights therein shall at all times
remain the exclusive property of John Wiley & Sons Inc, the Wiley Companies, or
their respective licensors, and your interest therein is only that of having possession of
and the right to reproduce the Wiley Materials pursuant to Section 2 herein during the
continuance of this Agreement. You agree that you own no right, title or interest in or
to the Wiley Materials or any of the intellectual property rights therein. You shall have
no rights hereunder other than the license as provided for above in Section 2. No right,
license or interest to any trademark, trade name, service mark or other branding
("Marks") of WILEY or its licensors is granted hereunder, and you agree that you
shall not assert any such right, license or interest with respect thereto
NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY,
EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS
OR THE ACCURACY OF ANY INFORMATION CONTAINED IN THE
MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED
WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY
QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY,
INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES
ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED
BY YOU.
WILEY shall have the right to terminate this Agreement immediately upon breach of
this Agreement by you.
You shall indemnify, defend and hold harmless WILEY, its Licensors and their
respective directors, officers, agents and employees, from and against any actual or
threatened claims, demands, causes of action or proceedings arising from any breach
of this Agreement by you.
IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR
ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY
SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR
USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT,
NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE,
BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND WHETHER
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OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIN.
Should any provision of this Agreement be held by a court of competent jurisdiction
to be illegal, invalid, or unenforceable, that provision shall be deemed amended to
achieve as nearly as possible the same economic effect as the original provision, and
the legality, validity and enforceability of the remaining provisions of this Agreement
shall not be affected or impaired thereby.
The failure of either party to enforce any term or condition of this Agreement shall not
constitute a waiver of either party's right to enforce each and every term and condition
of this Agreement. No breach under this agreement shall be deemed waived or
excused by either party unless such waiver or consent is in writing signed by the party
granting such waiver or consent. The waiver by or consent of a party to a breach of
any provision of this Agreement shall not operate or be construed as a waiver of or
consent to any other or subsequent breach by such other party.
This Agreement may not be assigned (including by operation of law or otherwise) by
you without WILEY's prior written consent.
Any fee required for this permission shall be non-refundable after thirty (30) days
from receipt by the CCC.
These terms and conditions together with CCC�s Billing and Payment terms and
conditions (which are incorporated herein) form the entire agreement between you and
WILEY concerning this licensing transaction and (in the absence of fraud) supersedes
all prior agreements and representations of the parties, oral or written. This Agreement
may not be amended except in writing signed by both parties. This Agreement shall be
binding upon and inure to the benefit of the parties' successors, legal representatives,
and authorized assigns.
In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC�s Billing and Payment terms and
conditions, these terms and conditions shall prevail.
WILEY expressly reserves all rights not specifically granted in the combination of (i)
the license details provided by you and accepted in the course of this licensing
transaction, (ii) these terms and conditions and (iii) CCC�s Billing and Payment
terms and conditions.
This Agreement will be void if the Type of Use, Format, Circulation, or Requestor
Type was misrepresented during the licensing process.
This Agreement shall be governed by and construed in accordance with the laws of
the State of New York, USA, without regards to such state�s conflict of law rules.
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Any legal action, suit or proceeding arising out of or relating to these Terms and
Conditions or the breach thereof shall be instituted in a court of competent jurisdiction
in New York County in the State of New York in the United States of America and
each party hereby consents and submits to the personal jurisdiction of such court,
waives any objection to venue in such court and consents to service of process by
registered or certified mail, return receipt requested, at the last known address of such
party.
WILEY OPEN ACCESS TERMS AND CONDITIONS
Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription
journals offering Online Open. Although most of the fully Open Access journals publish
open access articles under the terms of the Creative Commons Attribution (CC BY) License
only, the subscription journals and a few of the Open Access Journals offer a choice of
Creative Commons Licenses. The license type is clearly identified on the article.
The Creative Commons Attribution License
The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and
transmit an article, adapt the article and make commercial use of the article. The CC-BY
license permits commercial and nonCreative Commons Attribution Non-Commercial License
The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use,
distribution and reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.(see below)
Creative Commons Attribution-Non-Commercial-NoDerivs License
The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND)
permits use, distribution and reproduction in any medium, provided the original work is
properly cited, is not used for commercial purposes and no modifications or adaptations are
made. (see below)
Use by commercial "for-profit" organisations
Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee.
Further details can be found on Wiley Online Library
http://olabout.wiley.com/WileyCDA/Section/id-410895.html
Other Terms and Conditions:

v1.10 Last updated May 2015
Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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NATURE PUBLISHING GROUP LICENSE
TERMS AND CONDITIONS
Oct 29, 2015

This is a License Agreement between Danisha M Rivera ("You") and Nature Publishing
Group ("Nature Publishing Group") provided by Copyright Clearance Center ("CCC"). The
license consists of your order details, the terms and conditions provided by Nature
Publishing Group, and the payment terms and conditions.
All payments must be made in full to CCC. For payment instructions, please see
information listed at the bottom of this form.
License Number

3738320786500

License date

Oct 29, 2015

Licensed content publisher

Nature Publishing Group

Licensed content publication Nature Reviews Microbiology
Licensed content title

The structural biology of HIV-1: mechanistic and therapeutic
insights

Licensed content author

Alan Engelman and Peter Cherepanov

Licensed content date

Apr 1, 2012

Volume number

10

Issue number

4

Type of Use

reuse in a dissertation / thesis

Requestor type

academic/educational

Format

print and electronic

Portion

figures/tables/illustrations

Number of
figures/tables/illustrations

1

High-res required

no

Figures

Figure 1

Author of this NPG article

no

Your reference number

None

Title of your thesis /
dissertation

TRIPHENYLAMINE-, PORPHYRIN- AND FULLERENE-BASED
DERIVATIVES FOR PHOTOVOLTAIC AND OTHER APPLICATIONS
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